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The papers of this Special Issue give remarkable new results 
and conclusions on loess from Europe underlining the excel- 
lence of loess archives for past climate and environment re- 
constructions from a local and regional perspective and their 
relationship to a more global interpretation (Frechen 2011 
a, b). Loess is a clastic predominantly silt-sized sediment, 
which is formed by the accumulation of wind-blown dust. 
According to Pye (1995) four fundamental requirements are 
necessary for it formation: a dust source, adequate wind en- 
ergy to transport the dust, a suitable accumulation area, and 
a sufficient amount of time. During the Quaternary, loess 
and loess-like sediments were formed in periglacial environ- 
ments on mid-continental shield areas in Europe and Siberia, 
on the margins of high mountain ranges like in Tajikistan 
and on semi-arid margins of some lowland deserts like in 
China. 

The term"L6B" was first described in Central Europe by 
Karl Casar von Leonhard (1823/24) who reported yel- 
lowish brown, silty deposits along the Rhine valley near 
Heidelberg. Charles Lyell (1834) brought this term into 
widespread usage by observing similarities between loess 
and loess derivatives along the loess bluffs in the Rhine 
and Mississippi. At that time it was thought that the yel- 
lowish brown silt-rich sediment was of fluvial origin being 
deposited by the large rivers. It took until the end of the 
19 th century until the aeolian origin of loess was recognized 
(Virlet D Aoust 1857), especially the convincing observa- 
tions of loess in China by Ferdinand von Richthofen's 
(1878). A tremendous number of papers have been pub- 
lished since then, focusing on the formation of loess and 
on loess/palaeosol sequences as archives of climate and en- 
vironment change (e.g. Pye 1995; Smalley 1995; Pecsi & 
Richter 1996). 

Much effort was put into the setting up of regional and 
local loess stratigraphies and their correlation (Kukla 1970, 
1975, 1977). But even the chronostratigraphical position of 
the last interglacial soil correlating to marine isotope sub- 
stage 5e has been a matter of debate, owing to the lack of 
robust and reliable numerical dating, as summarized for 
example in Zoller et al. (1994) and Frechen, HorvAth & 
Gabris (1997) for the Austrian and Hungarian loess stratig- 
raphy, respectively. 

Since the 1980s, thermoluminescence (TL), optically stim- 
ulated luminescence (OSL) and infrared stimulated lumines- 



cence (IRSL) dating are available providing the possibility 
for dating the time of loess (dust) deposition, i.e. the time 
elapsed since the last exposure of the mineral grains to day- 
light. During the past decade luminescence dating has sig- 
nificantly improved by new methodological improvements, 
especially the development of single aliquot regenerative 
(SAR) protocols (Murray & Wintle 2000) resulting in reli- 
able ages (or age estimates) with an accuracy of up to 5 and 
10% for the last glacial record. More recently luminescence 
dating has also become a robust dating technique for penul- 
timate and antepenultimate glacial loess (e.g. Thiel et al. this 
issue; Schmidt et al. this issue) allowing for a reliable cor- 
relation of loess/palaeosol sequences for at least the last two 
interglacial/glacial cycles throughout Europe and the North- 
ern Hemisphere (Frechen 2011a). Furthermore, the numeri- 
cal dating provides the basis for quantitative loess research 
applying more sophisticated methods to determine and un- 
derstand high-resolution proxy data, such as the palaeodust 
content of the atmosphere, variations of the atmospheric cir- 
culation patterns and wind systems, palaeoprecipitation and 
palaeotemperature. 

The papers of this Special Issue on Loess in Europe give 
the basis for substantial further challenging developments 
in loess research and are summarised geographically from 
north to south. 

Little is known about the timing of loess accumulation 
and soil formation as well as the settlement history in the 
"Altmoranengebiet" in northern Germany. Urban, Kunz & 
Gehrt (this issue) provide some evidence for the human im- 
pact on soil development since the late Neolithic by means 
of sedimentology, pedology and palynology as well as OSL 
and radiocarbon dating. 

Wagner (this issue) carried out a spatial compilation 
and visualisation of loess parameters for loess and loess-like 
sediments in the Weser-Aller catchment, including parts of 
southern Lower Saxony and northern Hesse in Northwest 
Germany. In this study, very detailed maps of loess prop- 
erty patterns including loess thickness, granulometry and 
stratigraphy were collected from publications and historical- 
ly maps published between 1876 and 2007 resulting in more 
than 600 loess locations providing the base information for 
the area under study. 

The loess/palaeosol sequences from Saxony were re-in- 
vestigated by Meszner, Fuchs & Faust (this issue), who 
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present a new composite profile including new stratigraph- 
ic marker horizons and palaeosols. They identified three 
palaeosols for the so far poorly differentiated Weichselian 
Pleniglacial record in Saxony. 

In the Lower Rhine Embayment, detailed loess/palale- 
osol sequences have been described from the km-wide ex- 
posures of the brown coal open-cast mines and from many 
brickyards, e.g. Grafenberg, Rheindahlen and Erkelenz. 
Most of the studied sections give evidence for rich Palaeo- 
lithic (and younger periods) artefacts and settlement struc- 
tures. Pawlik & Thissen (this issue) present results from a 
Middle Palaeolithic archaeological layer in the open cast 
brown coal mine Inden, which they correlate to the Eemian 
interglacial. The studied artefacts give evidence for birch 
pitch fixed tools, either as hafted impliments fixed with 
birch pitch onto shafts or being used for successive haft- 
ing-and-retroling activities. Pawlik & Thissen (this issue) 
point out that birch pitch residues evidence human use of 
adhesive and multicomponent tool making already in the 
Middle Palaeolithic. 

At the Schwalbenberg section, a very detailed Weichse- 
lian Middle Pleniglacial loess record is exposed (Frechen 
& Schirmer this issue). Eight weak interstadial palaeosols 
including Ah and Bcv (calcic cambisol) horizons are inter- 
calated in loess and reworked loess. The chronostratigraphi- 
cal units show little or no age increase with depth indicat- 
ing fast accumulation of sediment and fast formation of the 
soils; similar observations were made for the Early Weichse- 
lian record at the Tonchesberg section (Boenigk & Frechen 
2001). 

Maar lakes and dry maars of the West Eifel Volcanic Field 
are excellent sediment traps and provide sediment records 
with the possibility to archive event-laminated sediments. 
Dietrich & Sirocko (this issue) describe the potential of mi- 
cro X-ray fluorescence (jiXRF) scanning to study bulk sedi- 
ment chemical data for major and trace elements in maar 
lake sediments to determine the elemental stratification 
within sediment cores. The cores under study from the Deh- 
ner dry maar and the Schalkenmehren maar show both fully 
glacial as well as warm and wet climate conditions and give 
evidence for the major dust deposition events. Dietrich & 
Sirocko (this issue) show evidence that a combination of the 
Ca content and the grayscale values correlates best with the 
signal of aeolian sediment input. 

Reliable dating of maar sediments is a real challenge. 
Schmidt et al. (this issue) studied sediments from the 
Jungfernweiher located in the West Eifel Volcanic Field using 
luminescence dating. The IRSL dating study indicates that the 
sediments from 16 m below surface have luminescence age of 
250 ka and increase up to 400 ka for the oldest sampled sedi- 
ments about 94 m below modern surface. However, one of the 
co-authors (F. Sirocko, see appendix of Schmidt et al. this 
issue a) has a different interpretation based on radiocarbon 
dating and further relative dating methods, such as sediment 
magnetisation, tuning of greyscale variations with Greenland 
ice core and intercalated tephra horizons indicating a last gla- 
cial record. The different opinions show that chronological ap- 
proaches are very challenging. 

At the gravel quarry Gaul located near Weilbach in the 



southern foreland of the Taunus Mountains, a Middle to Up- 
per Pleistocene loess/palaleosol sequence is exposed corre- 
lating with the last three glacial cycles. The oldest loess gave 
post-IR IRSL at 225°C age estimates of at least 350 ka (MIS 
10) ago (Schmidt, Semmel & Frechen this issue). A humic- 
rich horizon ("Weilbacher Humuszone") correlates to the late 
phase of the penultimate interglacial (MIS 7). The uppermost 
loess correlates to the Upper Wiirmian. 

Thiel et al. (this issue) investigated three important Pleis- 
tocene key loess sections in Lower Austria, these are Joching, 
Paudorf and Gottweig. The post-IR IRSL age estimates allow 
for a correlation of the pedocomplex "Paudorfer Bodenbil- 
dung" with the last interglacial (MIS 5), which is in agree- 
ment with previous TL age estimates of Zoller et al. (1994). 
However, the pedocomplex "Gottweiger Verlehmungszone" 
is signifiacantly older (>350 ka) than the last interglacial 
soil. Thiel et al. (this issue) found out that discontinuities in 
loess/palaeosol records observed in Lower Austria are sig- 
nificant making a simple counting from the top approach 
unreliable. Thus, the Lower Austrian loess stratigraphy in- 
cluding the timing of the intercalated palaeosols remains un- 
der discussion and requires further luminescence based age 
determination. 

Loess deposits from the Hagenbach Klamm located in the 
northern Vienna Forest were dated using luminescence dat- 
ing by Frank et al. (this issue). The mollusc assemblages in- 
dicate very humid and cool climatic conditions for the Up- 
per Pleniglacial (Upper Wiirmian). Frank et al. (this issue) 
observed good agreement between malcalogical results and 
those of numerical dating including 14 C and IRSL ages. The 
dating results make a loess accumulation prior to the Last 
Glacial Maximum most likely. 

Zech et al. (this issue) give an overview on the most 
recent proxy developments concerning biomarkers and 
compound-specific stable isotopes. The aim of these novel 
methodological approaches is to determine more quantita- 
tive palaeoclimate proxies for reconstruction of vegetation 
history, palaeotemperature and palaeoclimate/ aridity. 

Wacha et al. (this issue) investigated a very detailed 
loess/palaeosol sequence on Susak. Radiocarbon ages and 
luminescence age estimates indicate an Upper Pleistocene 
record including a very detailed and thick Middle Plenigla- 
cial record (MIS 3) including numerous intercalated palale- 
osols and at least three tephra layers, most likely from the 
Italian Volcanic provinces. The island of Susak is unique in 
the North Adriatic Sea because the geomorphology of the 
island has all characteristics of a loess plateau dissected by 
numerous gorges, steep bluffs and gullies (Wacha et al. this 
issue). 

The Late Pleistocene/Holocene morphological and geo- 
logical history of the Paraguayan Chaco and the Argentine 
Pampa Plain (Chaco-Pampa Plain) was studied by Kruck et 
al. (this issue). Satellite images were used to synthesise pre- 
vious and new multidisciplinary results of this vast-extend- 
ed area. Kruck et al. (this issue) localised source regions of 
loess, loess-like sediments and sandy deposits in the south- 
western Pampa and the neighbouring Andean slopes and the 
Altiplano, thus indicating a sediment transport towards east 
and later northeast. 
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The stratigraphy and settlement history of the loess-areas in Central Europe is well known for the glacial periods and the 
Holocene. In contrast there are no recent investigations in the sandy loess areas of the so called "Altmoranengebiet" in north- 
ern Germany on the age of the sediments, timing of soil formation and settlement history. In this study two soil profiles in the 
Luneburg Heath are investigated. The soils have been studied by means of sedimentology, pedology and palynology. Dating was 
done by optically stimulated luminescence (OSL) and radiocarbon. The results give the first evidence from the Altmoranenge- 
biet for human impact on soil development as early as the late Neolithic. In the soil profiles, periods of erosion and accumulation 
with enrichment in organic rich material are indicated. 

(Genese und Datierung spatpleistozan-holoza ner Palaobodensequenzen in der Luneburger Heide, Norddeutschland] 

Wahrend in den Lossgebieten Mitteleuropas die Lossstratigraphie und die menschliche Besiedlung der Lossgebiete sowohl eiszeit- 
lich wie auch im Holozan gut bekannt sind, liegen zu den Sandlossgebieten der Altmoranengebiete keine neueren Erkenntnisse 
zur zeitlichen Stellung der Sedimente oder zur Siedlungsgeschichte und zum Einfluss auf die Bodenentwicklung vor. In der Arbeit 
werden aus einem Sandlossgebiet in der Luneburger Heide zwei Bodenprofile vorgestellt deren Gliederung einen Einblick in die 
Genese der vergangenen 10 000 Jahre erlaubt. Die Profile wurden sedimentologisch, pedologisch und palynologisch untersucht und 
charakterisiert. Die Datierung der Profile erfolgte mittels optisch stimulierter Lumineszenz (OSL) und Radiokarbondatierung. Die 
Ergebnisse legen einen menschlichen Einfluss auf die Boden ab dem spaten Neolithikum nahe. Darunter sind Erosions- und Ak- 
kumulationsprozesse und insbesondere eine Anreicherung mit organischem Material zu fassen. Erstmals konnen mit dieser Studie 
Datierungen von Sedimenten und Boden des Altmoranengebietes prasentiert werden. 

loess, palaeosols, luminescence dating, pollen analysis, palaeoenvironment, human impact 
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1 Introduction 



The present morphology of the Luneburg Heath was main- 
ly formed by the Saalian glaciation (Oxygen Isotope Stage 
6-8), when the area was covered at least three times by ice. 
Weichselian glaciers (Oxygen Isotope Stage 2-5d) did not 
reach the area which was strongly influenced by perigla- 
cial processes, like erosion and solifluction. The landscape 
of the Luneburg Heath is hence characterised by ground 
moraines, terminal moraines, outwash plains, glaciofluvi- 
al deposits and, in some limited areas, by loess deposits 
(Fig. 1) (Hagedorn 1964, Caspers et al. 1995). 

From soil mapping it is known that 70 to 90 cm thick 
humic horizons in the soils of the sandy loess areas are 
common. These horizons occur in depressions but also on 
topographic highs. The formation of typical Plaggic An- 
throsols (Blume & Leineweber 2004) is not known for the 
Luneburg Heath. There are still questions about the age of 
these humic horizons and about their formation processes. 

Our investigations concentrate on an area south of 
Luneburg, near the village of Seedorf (Figs. 1 and 2) that 
is well-known for its highly fertile soils, which have devel- 
oped on sandy loess ("Sandloss") (Gehrt 2000). The sandy 



loess was deposited during the Upper Weichselian (Geo- 
logical Map GK 25 2929) and is generally overlying Saal- 
ian and Lower and Middle Weichselian sediments. The pre- 
vailing soil types developed on sandy loess in the Liine- 
burg Heath were described by Roeschmann in Kuntze et 
al. (1995) and by Gehrt (2000). They range from Luvisols, 
stagnic Luvisols, Cambisols and Podzols to Fluvisols and 
Gleysols in the small brook valleys (Soil Map BK50 L2928, 
Bad Bevensen) (Fig. 3). Figure 4 shows the distribution of 
the characteristic deep humic horizons in the study area, 
which are classified as colluvium and generally overly the 
diagnostic B horizons. There is archaeological evidence of 
an Iron Age cultural stage of the Jastorf culture (Seedorf- 
Stufe, Schwantes 1952, Hassler 1991) though as well as 
of Neolithic settlements (Sprockhoff 1975, Heege & Maier 
1991, Geebers 1995, Richter 2002) in the area and of a 
number of archaeobotanical investigations from prehistor- 
ic sites. The few data available from peat bogs though pro- 
vide background information on landscape development 
(Becker 1995, Kirleis 2003, Becker & Urban 2006). This 
study of a Gleysol/Colluvisol developed in a brook valley 
and of a Colluvisol/stagnic Luvisol sequence developed on 
sandy loess at higher topographic elevation near the vil- 
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40 km 



North Sea 




Fig. 1: Location ofSeedorf, county ofUelzen, Lower Saxony and distribution of loess and sandy loess in northern Germany. Grey shad- 
ed area shows the location of the Luenburg Heath. Hatched area marks the northern most distribution of loess. Sandy loess areas are 
marked by cross-hatches. 1 = Lower Rhine Area; 2 = Recklinghausen; 3, 4 = Soester horde; 5 = Milnster; 6 = Bersenbriick; 7 = Damme; 
8 = Wehden; 9 = Wunstorf Rehurg; 10 = Goldenstedt; 11 = Syke; 12 = Apensen; 13 = Harburg; 14 = Garlsdorf; 15 = Uelzen, Bevensen; 
16 = Clenze; 17 = Bergen, Jettebruch; 18 = Wittingen; 19 = Klotze; 20 = Peine, Braunschweig; 21 = Helmstedt; 22 = Haldensleben; 
23 = Magdeburg. 

Abb. 1: Lage von Seedorf (Landkreis Uelzen) in Niedersachsen und Verbreitung von Loss und Sandloss in Nord-Deutschland. Die graue 
Flache zeigt die Lage der Liineburger Heide. Die schraffierte Flache markiert die nordlichste Verbreitung von Loss in Deutschland. 
Sandlbssgebiete sind durch Kreuzschraffur markiert. 1 = Niederrhein; 2 = Recklinghausen; 3,4 = Soester Borde; 5 = Milnster; 6 = Ber- 
senbriick; 7 = Damme; 8 = Wehden; 9 = Wunstorf, Rehurg; 10 = Goldenstedt; 11 = Syke; 12 = Apensen; 13 = Harburg; 14 = Garlsdorf; 
15 = Uelzen, Bevensen; 16 = Clenze; 17 = Bergen, Jettebruch; 18 = Wittingen; 19 = Klotze; 20 = Peine, Braunschweig; 21 = Helmstedt; 
22 = Haldensleben; 23 = Magdeburg 
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Fig. 2: Location of soil profiles Schulwiese and Kartoffelfeld near the village ofSeedorf county ofUelzen. 
Abb. 2: Lage der untersuchten Profile Schulwiese und Kartoffelfeld in Seedorf (Landkreis Uelzen). 



lage of Seedorf (Figs. 2 and 4) aims at dating and recon- 
structing (palaeo) environmental conditions of soil genesis 
and human impact on landscape evolution in the northern- 
most patchy sand loess region at the margin of the Western 
European contiguous loess belt. 

2 Materials and methods 

2.1 Description of the soils of the studied sites 

Two sites have been selected for in-depth studies of their 
genetic development, which differ strongly in topography 
and hydrological conditions as well as in the type of land 
use. The prevailing soil types in the floodplains are Gley- 
sols developed on alluvial deposits and Histosols that are 
mainly used as pasture, and stagnic Luvisols that are wide- 
spread at higher elevations and support arable agriculture 
(Fig. 3). The upper layers/horizons of the soils in both topo- 
graphic positions are characterized by colluvial cover de- 
posits. 

The profiles of the two sites, Schulwiese and Kartoffelfeld, 
have been described in the field using the German soil 
mapping instructions (KA5 2005) (Tabs. 1 and 2), soil colour 
was determined by Munsell soil colour charts. 

The investigated section Schulwiese (Figs. 2 and 4) 
(53.08°N, 10.52°E, 38 m a.s.l.) is located on a slip-off slope in a 
floodplain of a small watercourse close to the village ofSeed- 
orf in the western part of the Liineburg Heath. The sequence 
consists of 1.75 m thick silty, clayey soil-sediment with fluvic 



and gleyic features. The uppermost 46 cm are made up of 
a colluvial cover layer. The entire sequence has a silty tex- 
ture, which is moderately clayey to medium clayey from the 
middle part of the profile downwards (Tab. 1, Fig. 5). The 
profile is carbonate-free and the organic content ranges be- 
tween weak to strong humic. The profile Schulwiese has been 
subdivided vertically using the international nomenclature 
(IUSS 2006) (Fig. 5). By applying the German soil classifi- 
cation system (KA5 2005), the vertical sequence was subdi- 
vided into Ap (0-14 cm) /M-Go (14-46 cm) /aGo (46-72 cm) 
/fAa+Gr (72-104 cm) /aGr (104-114 cm) /fAa+aGr (114-130 
cm) /aGr (130-156 cm) /aGr (156-175 cm) (Kucz 2006). The 
Ap and the Bgl horizon are developed in a loess colluvium 
(M-Go). 

The profile Kartoffelfeld (53.08°N, 10.52°E) is located 
northeast of the village of Seedorf at 47.80 m a.s.l on an el- 
evated plateau (Figs. 2 and 4). The basal part of the 1.70 m 
thick profile is made up by Saalian glacial till underlain by 
glaciofluvial sands; the soil type developed on the silty sands 
is a stagnic Luvisol. From 133 cm upwards the stagnic Luvi- 
sol is overlain by a (sandy) loess colluvium showing weak 
cambic properties (Tab. 2). The organic content assessed 
ranges from weak to very weak humic. The profile Kartof- 
felfeld is vertically subdivided (IUSS 2006) into the horizons 
Ap-Bwl-Bw2-Bw3-2Btb/Bgbl-2Bwbl/Bgbl-3Bwb2/Bgb2/C 
(Fig. 6). By applying the German soil classification system 
(KA5 2005) the sequence of horizons can be described as Ap 
(0-30 cm) /M (30-54 cm) /M (54-82 cm) /M (82-110 cm) / 
Swd-Bt (110-133 cm) /Swd-Bv (133-138 cm) /Swd-Bv (138- 
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Fig. 3: Soil map of Uelzen (BK50 L2928, Bad Bevensen). 
Abb. 3: Bodenkarte von Uelzen (BK50 L2928, Bad Bevensen). 



162 cm) /Cv (162-170 cm) (Kucz 2006). The Ap and Bwl, 
Bw2, Bw3 horizons developed within the loess colluvium (M 
30-110 cm). 

2.2 Sedimentological and pedological analysis 

The texture of the horizons was determined by the hydrome- 
ter method (van Reeuwijk 1992). For physico-chemical anal- 
ysis, the same samples were taken and analyzed for their pH 
in a 1:2.5 0.01 M CaCl 2 -suspension, for organic carbon (C org ) 
according to the Walkley-Black procedure (Page et al. 1982) 
and organic nitrogen using the Kjeldahl procedure. Major 
(Al, Fe, and Mn) and trace (S, Cr, Cu, Pb, Zn, Co, Ni, Cd, 
Sr, Hg, V) elements were determined using an X-ray fluores- 
cence (XRF) spectrometer (SpectroXepos-Benchtop-Roent- 
genfluoreszenz-Spektrometer) equipped with a Rh tube 
(Chen et al. 2001). Quality control of the analytical proce- 
dure was established using three internationally recognized 
standard reference materials (SRMs) viz., ISE, BCSS-1, and 
MESS-1. Based on these standards, the accuracy and preci- 
sion of the analysis were within 1% for major elements and 
within 5% for trace elements. Oxalate Fe and dithionite Fe d 



extractable iron (Holmgren 1967) were measured by induc- 
tively coupled plasma spectrometry (ICP). The soil organic 
matter (SOM) has been calculated as C% * 1.72. All analyses 
were carried out at Leuphana University Liineburg, Germa- 
ny. 

2.3 Age determination 

The depositional ages of the sediments were determined 
mainly by optically stimulated luminescence (OSL) with 
one sample for radiocarbon dating taken from the profile 
Schulwiese. The sampling positions are shown in Tabs. 7 
and 8. 

2.3.1 Optically stimulated luminescence [OSL] dating 

OSL is one of the dosimetric dating methods and is an ex- 
cellent tool for determining the depositional time of sedi- 
ments. The method is based on the accumulation of electrons 
in defects of the crystal lattice induced by the natural radio- 
activity in the surrounding sediment. Due to the physical 
mechanism of the OSL method, reliable and precise results 
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I Soil {40-120 cm humic) | Forest Ftuvial or kolluvial accumulation 

Soil {15-30 cm humic) Slope with erosion and accumulation 

Fig. 4: Distribution of deep humic horizons, fluvial and colluvial layers and forest cover in the area of Seedorf/Bad Bevensen, county ofUelzen. 

Abb. 4: Verbreitung von tief-humosen Boden, fluvialen und colluvialen Lagen und Waldbedeckung in der Umgebung von Seedorf/Bad Bevensen (Landkreis 
Uelzen). 



for well-bleached aeolian sediments like loess or dunes can 
be determined. Therefore, OSL has been applied successfully 
to these deposits. Loess and loess like sediments have been 
investigated and dated with OSL in many studies (Roberts 
2008). Loess research in Germany has a more than 175 year 
tradition with sections in the loess areas in the Rhineland 
(western Germany) and in southern Germany having been 
investigated in detail. The geochronological studies with 
thermoluminescence and OSL dating are summarized in 
Frechen et al. (2003). For loess and loess like sediments in 
northwest Germany geochronological studies are still miss- 
ing. There are detailed sedimentological investigations done 
by Dewers (1932), Fiedler & Altermann (1964) and Lang 
(1974, 1990). This study will provide the first OSL ages for the 
sandy loess area in northwest Germany. 
Samples for OSL dating were collected in steel tubes ham- 
mered into vertical sediment exposures after cleaning the 
wall. The cylinders were sealed to protect the samples from 
light exposure. Preparation of fine grained material was 
done following the description from Frechen et al. (1996). 
For the OSL measurement, the grain size fraction between 
4-11 um was taken. 

A Riso Reader TL/OSL-DA-15 was used for the measure- 
ment of the luminescence signal. The polymineral fine grain 
samples were stimulated with infrared LEDs with a wave- 
length of 875 nm and a maximum power of 135 mW cm" 2 . 



The emitted light was detected with a bialkali EMI 9235QA 
photomultiplier tube. For the measurement of the feldspar 
emission a combination of a Schott BG 39 and a Corning 
7-59 filter was used. Irradiation of the samples was done 
by an attached 90 Sr/ 90 Y beta source with a dose rate of 0.16 
Gy s" 1 . According to studies from Mauz & Lang (2004) and 
Mauz et al. (2006), the dose rate has to be reduced for the 
calculation of the equivalent dose obtained with aluminium 
discs. Our experiments showed that the dose rate for our 
reader using fine grains on aluminium discs has to be 16% 
lower than for coarse grains (quartz) on stainless steel discs. 

Feldspars suffer from an effect called anomalous fading. 
This is a non-thermal loss of charge from kinetically stable 
traps due to quantum mechanical tunnelling which results 
in age underestimation (Spooner 1994, Visocekas 2002, 
Visocekas et al. 1994, Wintle 1973). A quantitative correc- 
tion method for samples younger than 20 ka was proposed 
by Huntley & Lamothe (2001). This method for fading 
correction was applied to correct the ages for all samples 
in this study. 

The natural luminescence signal is mainly the result of 
the natural radioactivity from uranium and thorium chains 
and 40 K and a minor portion of some other radioisotopes and 
cosmic radiation. For the age calculation it is essential to 
know the annual dose rate of the surrounding sediment. In 
this study the dose rate was measured by gamma spectrome- 
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Table 1: Field soil description of soil profile Schulwiese (Gleysol/Colluvisol). 

Tabelle T. Beschreibung der Bodenhorizonte des Profils Schulwiese ((Kolluvisol-)Gley). 



Horizon [KA5 2005) 


Horizon [IUSS 2006] 


Depth [cm] 


Texture 


Munsell Color 


Ap 


Ap 


0-14 


Silt 


2.5Y5/4 


M-Go 


Bgl 


14-46 


Silt 


2.5Y5/4 


aGo 


Bg2 


46-72 


Moderate clayey Silt 


2.5Y4/4 


fAa+Gr 


2Ahb/Crb 


72-104 


Medium clayey Silt 


2.5Y4/3 


aGr 


2Crb 


104-114 


Medium clayey Silt 


2.5Y4/3 


fAa+Gr 


3Ahb/Crb 


114-130 


Moderate clayey Silt 


2.5Y2.5/1 


aGr 


3Crbl 


130-156 


Moderate clayey Silt 


2.5Y4/2 


aGr 


3Crb2 


156-175 


Moderate clayey Silt 


Not determined 



Table 2: Field soil description of soil profile Kartoffelfeld (Stagnic Luvisol/Colluvisol). 

Tabelle 2: Beschreibung der Bodenhorizonte des Profils Kartoffelfeld (Kolluvisol, Pseudogley-Parabraunerde). 



Horizon [KA5 2005] 


Horizon (IUSS 2006] 


Depth [cm] 


Texture 


Munsell Color 


Ap 


Ap 


0-30 


Silt 


2.5Y5/4 


M 


Bwl 


30-54 


Silt 


2.5Y6/4 


M 


Bw2 


54-82 


Moderate sandy Silt 


2.5Y5/4 


M 


Bw3 


82-110 


Moderate sandy Silt 


2.5Y5/6 


Swd-Bt 


2Btb/Bgbl 


110-133 


Strong silty Sand 


2.5Y6/8 


Swd-Bv 


2Bwbl/Bgbl 


133-138 


Medium silty Sand 


2.5Y6/6 


Swd-Bv 


3Bwb2/Bgb2 


138-162 


Weak silty Sand 


2.5Y6/6 


Cv 


C 


162-170 


Weak silty Sand 


2.5Y5/6 



try with an HPGe (High-Purity Germanium) N-type coaxial 
detector in the laboratory. The results of the gamma spec- 
trometry are shown in Table 3. For the dosimetry the infinite 
matrix approach is assumed (Aitken 1998). This means for a 
volume having dimensions greater than the range of radia- 
tion, that the rate of energy absorption is equal to the rate of 
energy emission. The gamma spectrometry allows the moni- 
toring for any radioactive disequilibrium. For all samples ra- 
dioactive equilibrium could be observed. For potassium-rich 
feldspar the alpha contribution has to be corrected by a fac- 
tor: the a- value (alpha efficiency). In this study an a- value of 
0.08 ± 0.01 was used, as proposed by Rees-Jones (1995) for 
polymineral fine grain samples. The contribution of the cos- 
mic radiation, which depends on latitude, longitude, altitude 
and thickness of the sediment cover, was calculated using 
the approach of Prescott & Hutton (1994) and Prescott 
& Stephan (1982). The values for the cosmic radiation are 
shown in Table 3. 

The intensity of the natural radioactivity in the sediment 
is attenuated by the water in the sediment. Therefore the 
annual dose rate has to be corrected. For the samples from 
the profile Schulwiese the water content was measured in 
the lab from additional samples taken during the OSL sam- 
pling. The water content for the upper samples is around 
12 %. This is a typical value for European loess (Pecsi 1990). 
The samples at lower positions are within the influence of 



the ground water. Here the water content is between 19 
and 25 %. To take seasonal fluctuations of the water content 
into account, the error was set quite large. For the upper 
samples it is 5 % and for the lower samples 10 % (Tab. 3). For 
the samples from the profile Kartoffelfeld (Tab. 3) no water 
content was measured because there was not enough sam- 
pling material collected to measure the water content in 
the lab. In this case the water content had to be estimated 
using the values from the higher part of the nearby profile 
Schulwiese. 

The OSL-ages are calculated by dividing the equivalent 
dose (D e ) by the dose rate of the sediment including the con- 
tribution of the cosmic rays and the attenuation by the water 
content. The obtained ages were fading corrected with the 
g-value by the method described in Huntley & Lamothe 
(2001). The equivalent doses are calculated using the weight- 
ed mean. The results of the age calculation are shown in 
Tab. 4. The distribution of the equivalent doses was checked 
using the Kolmogorov-Smirnov-Test (K-S-test) which shows 
if there is a normal distribution or not. For a normal distri- 
bution the obtained K-S-value from this test should be lower 
than the critical test value. The results of the K-S-test are 
shown in Tab. 4. All samples show a normal distribution. 
Based on these results an incomplete bleaching of the sam- 
ples is unlikely. 
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Percentage of Grain Size (%) 



Height a. s.l. (m) Depth (cm) 
0" 



38.00 



37.80 



37.60 



37.40 



37.20 



37.00 



36.80 



36.60 



36.40 



36.20 



14 



46 



72 



104" 
114 

130 

156 
175" 





Ap 
(Ap) 






Bg1 
(M-Go) 


l 




Bg2 
(aGo) 


V 




2Ahb/ 

Crb 

(fAa+Gr) 


V 




I 


2Crb 
(aGr) 






3Ahb/ 

Crb 

(fAa+Gr) 






3Crb1 
(aGr) 






3Crb2 
(aGr) 



20 

— I — 



40 

— I — 



60 

— I — 
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Fig. 5: Profile Schulwiese (Gleysol/Colluvisol) and grain size distribution. Soil description based on IUSS (2006) and in brackets on KA 5 (2005). 1 = clay 
(<0.002 mm), 2 = fine grained silt (0.002-0.006 mm), 3 = middle grained silt (0.006-0.02 mm), 4 = coarse grained silt (0.02-0.063 mm), 5 = fine grained sand 
(0.063-0.2 mm), 6 = middle grained sand (0.2-0.63 mm), 7 = coarse grained sand (0.63-2 mm). 

Abb. 5: Profil Schulwiese ((Kolluvisol-)Gley) und Korngrossenverteilung. Bodenbeschreibung nach IUS (2006) und in Klammern nach KA 5 (2005). 1 = Ton 
(<0,002 mm), 2 = Feinschluff (0,002-0,006 mm), 3 = Mittelschluff (0,006-0,02 mm), 4 = Grobschluff (0,02-0,063 mm), 5 = Feinsand (0,063-0,2 mm), 6 = Mit- 
telsand (0,2-0,63 mm), 7 = Grobsand (0,63-2 mm). 



2.3.2 OSL measurements and experimental details 

Before starting the OSL measurements with a single ali- 
quot regenerative dose (SAR) protocol, several tests were 
performed to check the suitability of the material for dat- 
ing. The SAR protocol based on Murray & Wintle (2000) 
was used in this study. The protocol was modified by in- 
serting a hot-bleach step and the cutheat temperature was 
chosen equivalent to the preheat temperature (Wallinga 
et al. 2007). Preheat tests, dose recovery tests and fading 
tests were performed. The tests were made for the top-most 
samples and the bottom-most samples in the profiles. Sam- 
ples SEE 1-A and SEE 1-F from profile Schulwiese and sam- 
ples SEE 2-A and SEE 2-C from profile Kartoffelfeld were 
used for preheat tests. Samples SEE 1-C and SEE 2-A were 
used for a dose recovery test. The fading tests were done 
for all samples using fresh aliquots. 

The results of the preheat plateau test are shown in Fig. 7. 
For the samples from profile Schulwiese, the D e show a pla- 
teau in the temperature range of 160°C to 240°C (SEE 1-A) 
and 180°C to 240°C (SEE 1-F). For higher preheat tempera- 
tures the D e are increasing significantly. The recycling ra- 
tios are in the range of acceptance of 1.0 ±0.1 for preheat 
temperatures up to 240°C. For higher preheat temperatures 



the recycling ratios are decreasing. The recuperation is in- 
creasing for preheat temperatures higher than 240°C. Based 
on these results a preheat temperature of 200°C for all the 
samples from profile Schulwiese was used. 

The behaviour for the samples from profile Kartoffelfeld 
differs. There is no clear preheat plateau visible for the sam- 
ples SEE 2-A and SEE 2-C. The D e are slightly increasing 
with increasing preheat temperature. The recycling ratios 
are decreasing and scattering for preheat temperatures high- 
er than 220°C. The recuperation is increasing exponentially 
for preheat temperatures higher than 200°C. Based on the 
behaviour of the recycling ratios and recuperation, a preheat 
temperature of 180°C was used for all samples from the pro- 
file Kartoffelfeld. 

After determination of the appropriate preheat tempe-ra- 
ture, dose-recovery tests based on the protocol described by 
Murray & Wintle (2003) were carried out. This test deter- 
mines whether an artificially applied dose can be recovered 
by the SAR protocol. For the profile Schulwiese 15 aliquots 
from sample SEE 1-C and 10 aliquots from sample SEE 2-A 
(profile Kartoffelfeld) were bleached in a Dr. Honle SOL 2 
solar simulator for 2 hours. The bleached samples are irradi- 
ated in the Riso Reader with a fixed beta-dose which is close 
to the expected equivalent dose. This dose was measured us- 
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Table 3: Results of the gamma spectrometry, cosmic dose and water content for the samples from section Schulwiese (SEE 1) and section Kartojfelfeld 
(SEE 2). Depth is below surface. The dose rate is the sum of the dose rates from the alpha, beta, gamma and cosmic radiation. For the calculation of the to- 
tal dose rate the conversion factors published by Adamiec & Aitken (1998) were used. An a-value of 0.08 ± 0.01 (Rees-Jones 1995) for the alpha-efficiency 
was used for all samples. A systematic error of 8 % is included for the calculation of the dose rate including uncertainties from beta-attenuation, conversion 
factors, calibration of the gamma detector and effects of past disequilibrium. An error of 10 % is estimated for the cosmic dose. 

Tabelle 3: Ergebnisse der Gammaspektrometrie, kosmischen Strahlung und Wassergehalt fur die Proben aus dem Profil Schulwiese (SEE 1) und Profil Kar- 
tojfelfeld (SEE 2). Tiefe ist unter Gelandeoberkante. Die Dosisleistung des Sediments ist die Summe aus den Dosisleistungen der alpha-, beta-, gamma- und 
kosmischen Strahlung. Eur die Berechnung der gesamten Dosisleistung wurden die Umrechnungsfaktoren von Adamiec & Aitken (1998) verwendet. Zur 
Berechnung der alpha-Effizienz wurde der a-Wert von 0,08 ± 0,01 fiXr alle Proben verwendet (Rees-Jones 1995). Ein systematischer Fehler von 8% wurde 
bei der Berechnung der Dosisleistung einbezogen. Dieser Fehler beinhaltet Unsicherheiten durch die beta-Abschwachung, der Umrechnungsfaktoren, der 
Kalibrierung des Gammaspektrometers undEffekte durch fruhere radioaktive Ungleichgewichte. Fur die kosmische Strahlung wurde ein Fehler von 10% 
angenommen. 



Sample 


depth [m] 


water 
content [%] 


K(%) 


U [ppm] 


Th [ppm) 


cosmic dose 
[mGya _1 ) 


dose rate 
(mGya - 1 ] 


SEE1-A 


0.30 


12 ±5 


1.48 ±0.07 


2.02 ±0.10 


6.45 ±0.32 


0.20 ±0.02 


2.78 ±0.17 


SEE1-B 


0.45 


11 ±5 


1.56 ±0.08 


2.34 ±0.12 


7.09 ± 0.35 


0.20 ±0.02 


3.04 ±0.17 


SEE1-C 


0.60 


13 ±5 


1.63 ±0.08 


2.27 ±0.11 


7.54 ± 0.38 


0.19 ±0.02 


3.05 ±0.17 


SEE1-D 


0.85 


19 ±10 


1.55 ±0.08 


2.50 ±0.13 


8.06 ±0.40 


0.18 ±0.02 


2.92 ±0.20 


SEE1-E 


0.97 


25 ±10 


1.31 ±0.07 


2.51 ±0.13 


7.13 ± 0.36 


0.18 ±0.02 


2.49 ±0.18 


SEE1-F 


1.15 


17 ±10 


1.41 ±0.07 


2.25 ±0.11 


6.94 ±0.35 


0.17 ±0.02 


2.67 ±0.20 


SEE2-A 


0.80 


12 ±5 


1.70 ±0.09 


2.28 ±0.11 


6.90 ±0.35 


0.18 ±0.02 


3.08 ±0.17 


SEE2-B 


0.82 


12 ±5 


1.71 ±0.09 


2.21 ±0.11 


6.79 ±0.34 


0.18 ±0.02 


3.06 ±0.17 


SEE2-C 


1.38 


12 ±5 


1.20 ±0.06 


2.45 ±0.12 


8.91 ±0.45 


0.17 ±0.02 


2.86 ±0.17 



ing the SAR protocol applied for the samples. The ratio of ap- 
plied dose to recovered dose for sample SEE 1-C is 0.94 ± 0.03 
and for sample SEE 2 -A is 1.03 ± 0.01. Based on the results of 
the performance tests a SAR protocol (Tab. 5) was developed 
and the D e values of the samples are measured with this pro- 
tocol. The IR-stimulation time for the samples from profile 
Schulwiese are reduced from 300 s to 100 s to save measuring 
time. The IRSL-signal is reduced after 50 s to background- 
level. Longer IR-stimulation time gives no better behaviour 
concerning fully bleaching and recuperation. 

2.4 Palynological investigations 

For palynological, including charcoal particle, analysis, 
about 10 g sampled at intervals of 2-5 cm of the OSL dated 
layers were treated by standard palynological methods. The 
procedures included dispersion with 10% NaOH, carbon- 
ate removal by 10% HC1, flotation to separate organics from 
the inorganic matrix using sodium metatungstate (3NaW0 4 
• 9W0 3 • H 2 0) and acetolysis to dissolve cellulose and to 
darken the palynomorphs for ease of recognition (Faegri & 
Iversen 1989, Moore et al. 1991). Prepared residues were 
embedded in glycerine over which coverslips of 24 x 32 mm 
were sealed with Entellan® and samples subsequently count- 
ed mostly at x400 magnification. Three slides of 24 x 32 mm 
per sample were analyzed for pollen and non-pollen paly- 
nomorphs except for micro charcoal, which was counted in 
1 slide and then calculated for 3 slides as well. For detailed 
morphological studies a xlOO oil immersion lens was used. 
Pollen and spores were identified from the atlases of Moore 
et al. (1991), Beug (2004), Faegri & Iversen (1989) and a 
reference collection of the Laboratory of the Division of Soil 
Science and Biology at Leuphana University of Liineburg. 



The guide and reference literature of van Geel (1978, 2001) 
was used to identify fungal remains and other non-pollen 
palynomorphs. The pollen sum (100%) is based on terrestri- 
al pollen exclusive of Cyperaceae and Ericaceae as well as 
fern and moss spores. Pollen calculation and diagram con- 
struction were performed with the software package TILIA, 
TILIA GRAPH and TILIA VIEW (Grimm 1990). 

3 Results 

3.1 Sediment and soil properties 

3.1.1 Profile Schulwiese 

The Ap and Bgl horizons (colluvium) of the Gleysol/Collu- 
visol Schulwiese (Tab. 1, Figs. 5 and 8) are characterized by 
pure silt, the underlying buried Ahb and Crb horizons are 
composed of moderate clayey silt, and the 2Ahb/Crb hori- 
zon has the highest clay content. The pH [CaCl 2 ] of the en- 
tire profile ranges from 5.6 to 5.8 except for the Bg2 horizon, 
which has a pH of slightly above 6. Organic carbon and Soil 
Organic Matter (SOM) respectively reach highest values in 
the buried A horizons 2Ahb/Crb (2.66 % C) and 3Ahb/Crb 
(2.25% C) and in the Ap (2.03 % C) and Bgl (1.87% C) hori- 
zons which developed on the colluvium. The 2Crb horizon 
has still a carbon content of 1.15 % whereas the Bg2 (0.5%) 
and the 3Crbl (0.44%) horizons are low in carbon. Similar re- 
sults were found for organic nitrogen with highest amounts 
in the buried A horizons and in the horizons developed with- 
in the colluvium (Fig. 8). Total (Fe t ) as well as free iron (Fe d ) 
have highest values in the uppermost colluvial horizons Ap 
and Bgl (Fig. 9 and 10) pointing to supply with fresh loess- 
soil borne material. Among the trace and major elements the 
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Table 4: Results of the OSL measurements, age calculation and statistical parameters for the samples from section Schulwiese (SEE 1) and the section Kar- 
toffelfeld (SEE 2). The grain size for all samples is 4-11 \im. Equivalent doses are calculated using weighted mean including an error of 3 %for the calibra- 
tion of the beta source in the OSL reader. Fading corrected ages are calculated using the approach from Huntley & Lamothe (2001). Number of aliquots 
shows the amount of aliquots used for the age calculation. The K-S-value shows the results of the Kolmogorov-Smirnoff-Test which tests for a normal 
distribution. Distributions of equivalent doses with K-S-values lower than the critical K-S-value are regarded as normal distributions. 

Tabelle 4: Ergebnisse der OSL-Messung, der Altersberechnung und statistische Parameter fur die Proben aus dem Profil Schulwiese (SEE 1) und Kartoffelfeld 
(SEE 2). Alle Proben sind polymineralische Feinkornproben mit einer Korngrosse zwischen 4 \im und 11 \im. Die Aquivalenzdosen wurden iiber das gewich- 
tete Mittel berechnet. Die Fehlerberechnung beinhaltet einen Fehlerfiir die Kalibrierung der beta-Quelle im OSL-Reader von 3%, Die Fadingkorrektur wurde 
nach der Methode von Huntley & Lamothe (2001) durchgefuhrt. Anzahl der Aliquots zeigt die Zahl der fur die Altersberechnung verwendeten Aliquots 
an. MitHilfe des Kolmogorov-Smirnoff-Test wurden die Verteilungen der Aquivalenzdosen auf Normalverteilung getestet. Verteilungen mit einem K-S-Wert 
niedriger als der kritische K-S-Wert wurden als Normalverteilung angesehen. 



Sample 


equivalent 
dose [Gy] 


g-value 
[% per decade] 


fading uncorrected 
age [ka] 


fading corrected age 
[ka] 


number of 
aliquots 


K-S-value 


critical K-S- 
value 


SEE1-A 


2.18 ±0.02 


5.4 ±0.3 


0.79 ±0.05 


1.2 ±0.1 


18 


0.142 


0.309 


SEE1-B 


2.10 ±0.03 


5.1 ±0.2 


0.69 ±0.04 


1.0 ±0.1 


18 


0.115 


0.309 


SEE1-C 


5.47 ±0.06 


4.4 ±0.2 


1.8 ±0.1 


2.5 ±0.1 


19 


0.161 


0.301 


SEE1-D 


5.50 ±0.06 


4.5 ±0.2 


1.9 ±0.1 


2.6 ±0.2 


20 


0.138 


0.294 


SEE1-E 


7.28 ± 0.08 


3.9 ±0.3 


2.9 ±0.2 


3.9 ±0.3 


20 


0.089 


0.294 


SEE1-F 


19.16 ±0.28 


2.9 ±0.3 


7.2 ± 0.6 


9.0 ±0.7 


20 


0.106 


0.294 


SEE2-A 


10.78 ±0.10 


3.5 ±0.3 


3.5 ±0.2 


4.6 ±0.3 


20 


0.101 


0.294 


SEE2-B 


6.04 ±0.06 


3.8 ±0.2 


2.0 ±0.1 


2.6 ±0.1 


20 


0.171 


0.294 


SEE2-C 


138.99 ±2.00 


3.5 ±0.3 


48.5 ±2.9 


66.9 ±4.5 


17 


0.087 


0.318 



Table 5: Single aliquot regenerative (SAR) protocol used for the measurement of the samples from sections Schulwiese and Kartoffelfeld. 
Tabelle 5: Fur die Messung der Proben aus den Profilen Schulwiese und Kartoffelfeld benutztes Single Aliquot Regenerative (SAR) Protokoll. 



Step 


Treatment 


Schulwiese 


Kartoffelfeld 


Observed 


1 


give regenerative dose D, 


1.6-48 Gy 


9.6-160 Gy 




2 


preheat [5°C/s heating rate] 


200°Cforl0s 


180°Cforl0s 




3 


IRSL 


100 s (a) 50°C 


300 s (a) 50°C 


Li 


4 


give test dose D t 


0.8 Gy 


1.6 Gy 




5 


cutheat [5°C/s heating rate] 


200°Cforl0s 


180°Cforl0s 




6 


IRSL 


100s(a)50 o C 


300s(g)50 o C 


Ti 


7 


IRSL[hotbleach] 


100s(a)290 o C 


100s(a)290 o C 





For the natural sample i=0 and D =0. The whole sequence is repeated for several regenerative doses, including a zero dose and a repeat dose. Regenerative 
doses D t depending on the expected age of the sample. Doses are chosen in that way, that they bracket the natural dose. In this table the range of all given 
doses for all samples is given. The ratio between L/T t is used for the calculation of the equivalent dose. The IRSL- signal from step 7 (hotbleach) is not used. 



amounts of phosphorous, manganese as well as of chlorine 
are increasing in the Ap and Bgl horizon (Fig. 10), where- 
as calcium and sulfur are predominant in fossil horizons 
2Ahb/Crb and 3Ahb/Crb. The sulfur enrichment might be 
explained as a result of anaerobic processes under (ground) 
water saturated conditions, which is as well supported by 
the high amounts of still preserved SOM. 

3.1.2 Profile Kartoffelfeld 

The Ap, Bwl, Bw2 and Bw3 horizons, which are devel- 
oped on the loess-soil colluvium, are characterized by a 
silty (0-54 cm) to moderate sandy silty texture (54-110 cm) 
(Fig. 6, Tab. 2). The texture of 2Btb/Bgbl (110-133 cm) is a 
strong silty sand and that of 2Bwbl/Bgbl (133-138 cm) a 
medium silty sand while the 3Bwb2/Bgb2 and C horizons 



are of a weak silty sand texture. 2Btb/Bgbl (110-133 cm) and 
2Bwbl/Bgbl (133-138 cm) horizons developed on Weichse- 
lian periglacial silty sand, whereas the basal 3Bwb2/Bgb2 
and C horizons formed on Saalian (Drenthe Stadium) sandy 
till. The uppermost four horizons show a steady increase 
of organic Carbon, total Nitrogen as well as of pH [CaCl 3 ] 
(Fig. 11) from about 100 cm to the top of the profile. Total 
(Fe t ) as well as free Iron (Fe d ) in particular Fe -oxides have 
highest values in the uppermost colluvial horizons (Fig. 12) 
pointing to recent rejuvenation of the sequence with loess- 
soil borne parent material. The Fe /Fe t ratio of the underly- 
ing buried stagnic luvic and C horizons is very low reflecting 
old pedogenic weathering processes. A major erosive hiatus 
between the basic horizons and the colluvial cover pediment 
is assumed as a buried Ahb horizon is missing in the se- 
quence of profile Kartoffelfeld. 



m 
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Percentage of Grain Size (%) 
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Fig. 6: Profile Kartoffelfeld (Colluvisol/Stagnic Luvisol) (Seedorf, Lower Saxony) and grain size distribution. Soil description based on IUSS (2006) and in 
brackets on KA 5 (2005). 1 = clay (<0.002 mm), 2 = fine grained silt (0.002-0.006 mm), 3 = middle grained silt (0.006-0.02 mm), 4 = coarse grained silt 
(0.02-0.063 mm), 5 = fine grained sand (0.063-0.2 mm), 6 = middle grained sand (0.2-0.63 mm), 7 = coarse grained sand (0.63-2 mm). 

Abb. 6: Profil Kartoffelfeld (Kolluvisol, Pseudogley-Parabraunerde) und Korngrossenverteilung. Bodenbeschreibung nach IUS (2006) und in Klammern 
nach KA 5 (2005). 1 = Ton (<0,002 mm), 2 = Feinschluff (0,002-0,006 mm), 3 = Mittelschluff (0,006-0,02 mm), 4 = Grobschluff (0,02-0,063 mm), 5 = Feinsand 
(0,063-0,2 mm), 6 = Mittelsand (0,2-0,63 mm), 7 = Grobsand (0,63-2 mm). 



3.2 OSL dating 



The results of the dosimetry, the OSL measurements and the 
age calculation for profiles Schulwiese and Kartoffelfeld are 
summarized in Tables 3 and 4. The equivalent doses and cal- 
culated ages, fading uncorrected and fading corrected ones, 
show an increase of D e and of age with depth. Sample SEE 
1-B has a slightly lower D e and lower age than the sample 
from above. The 1-sigma standard deviation makes an equal 
deposition age likely for SEE 1-A and SEE 1-B. Based on the 
geochronology, four periods of increased accumulation of 
sediment can be identified in the profile Schulwiese. The first 
one took place 9.0 ± 0.7 ka while a second period is indicated 
at 3.9 ± 0.3 ka. Samples SEE 1-C and SEE 1-D show a third 
period of deposition at around 2.5 ka and the fourth period 
of deposition is shown by samples SEE 1-A and SEE 1-B at 
around 1.0 ka before present. 

In profile Kartoffelfeld there is an increase of D e and age with 
depth. The sample SEE 2-A was taken from a parallel profile a 
few meters from the main profile. It could be expected, that the 
ages of SEE 2-A and SEE 2-B should be nearly the same. The 
difference can be explained by the palaeo-topographic situa- 
tion at this site which was not evident during sampling. 



Due to the colluvial deposition of the sediment, incom- 
plete bleaching of the samples could be expected. In the 
case of incomplete bleaching the distributions of the equiv- 
alent doses obtained during the SAR-measurement should 
show a large scatter. But all investigated OSL samples show 
very low scatter and a normal distribution indicating fully 
bleached samples. The obtained OSL-ages (Tab. 7 and 8) are 
in agreement with radiocarbon dating, pollenanalysis and 
archeological investigations in that area. 

3.3 Radiocarbon dating 

In this study humic-rich material from a depth of 108 cm 
below surface was taken for radiocarbon dating. The specif- 
ic activity of 14 C was measured radiometrically by propor- 
tional counters (Geyh 2005). The conventional age is given 
with a 2-sigma standard deviation and was calculated into 
calibrated age using Calib 5.0.1 based on Stuiver & Reimer 
(1993). For terrestrial material the dataset intcal04 (Reimer 
et al. 2004) was used and the calibrated 14 C-age is in the 
2-sigma range. The 14 C-age of sample Hv25552 is 5960 ± 60 
years BP (5 13 C = -28.7) and the calibrated age is cal BC 5081 
- 4551 (Early Neolithic, Linear Pottery culture) (Tab. 7). 
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Fig. 8: Soil properties of profile Schulwiese (Seedorf, Lower Saxony). 

Abb. 8: Bodeneigenschaften des Profils Schulwiese (Seedorf, Niedersachsen). 
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Fig. 9: Total Fe and pedogenic F e -oxides of profile Schulwiese (Seedorf Lower Saxony). 

Abb. 9: Verteilung von Eisen (F e ) und pedogenen Eisenoxiden im Profil Schulwiese (Seedorf Niedersachsen). 
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Fig. 10: Major and trace element analysis of profile Schulwiese (Seedorf, Lower Saxony). 

Abb. 10: Verteilung von Haupt- und Spurenelementen im Profil Schulwiese (Seedorf, Niedersachsen). 
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Figure 11: Soil properties of profile Kartoffelfeld (Seedorf, Lower Saxony). 
Abbildung 11: Bodeneigenschaften des Profils Kartoffelfeld (Seedorf, Niedersachsen). 
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Table 6: Pollen assemblages and Holocene climatic zones of profile Schulwiese (Seedorf, Lower Saxony). 

Tabelle 6: Pollenzonen und klimatische Gliederung des Holozan fur das Profil Schulwiese (Seedorf Niedersachsen). 



Local pollen assem- 
blage Zone, LPAZ 


Soil horizons 


Pollen, Vegetation 


Climatic Zones 


S5 


Bgl 


Quercus increasing, Alnus, terrestrial herbs, Cerealia 


Late Subatlantic 
Early Subatlantic 


S4 


Bg2 


Alnus, dominance of Poaceae and terrestrial herbs, Cichoria- 
ceae, Cerealia and Secale [reye] 


S3b 


Bg2 


Decrease of Alnus, strong increase of heliophytes and Poa- 
ceae, continuous curve of Cereals 


Subboreal 


S3a 


2Ahb/Crb 


Alnus, Quercus, Poaceae, slight increase of Cyperaceae 


S2 


2Crb 


Alnus, Quercus, Tilia, Ulmus, Betula, Pinus, Polypodiaceae, 
Poaceae increasing 


Atlantic 


SI 


3Ahb/Crb 


Betula, Pinus, Selaginella selaginoides 


Boreal 
Preboreal 
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Fig. 12: Total F e and pedogenic F e -oxides of profile Kartoffelfeld (Seedorf, Lower Saxony). 

Abb. 12: Verteilung von Eisen (F e ) und pedogenen Eisenoxiden im Profil Kartoffelfeld (Seedorf Niedersachsen). 
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Table 7: Late Glacial and Holocene climate, dating, archaeological periods and soil development (profile Schulwiese, Seedorf, Lower Saxony). Sampling 
points for OSL dating are marked by black crosses. White cross marks the sampling position for radiocarbon dating. Soil description is based on IUSS (2006) 
and in brackets on KA 5 (2005). Soil horizons 3Crbl and 3Crb2 are covered by groundwater and not visible in the picture. 

Tabelle 7: Spdtglaziale und holozdne Klimaentwicklung, Datierungsergebnisse, archdologische Perioden und Bodenentwicklung fur das Profil Schulwiese 
in Seedorf (Niedersachsen). Probennahmepunkte fur die OSL-Datierung sind mit schwarzen Kreuzen markiert. Weisse Kreuze markieren den Probennah- 
mepunktfiir die Radiokarbondatierung. Die Beschreibung der Bodenhorizonte ist nach IUSS (2006) und in Klammern nach KA 5 (2005). Bodenhorizonte 
aGr im Liegenden sind durch Grundwasser bedeckt und im Foto nicht sichtbar. 




Age 



1.2 ±0.1 ka 



1.0 ±0.1 ka 



Climatic 
Periods 



Subatlantic 



Historic 
Periods 



Middle Age 

Early and Late 

Medieval 

deforestation period 



Local 
Activities 



increased 
accumulation 
due to erosion 



2.5 ±0.1 ka 

2.6 ± 0.2 ka 
3.9 ± 0.3 ka 



Subboreal 



Iron Age 

Jastorf Culture 
800 - BC 

Bronze Age 



increased 
accumulation 
due to erosion 



6.0 ±0.1 kaBP 
9.6"±0".7"ka"" 



Atlantic _ 
Boreal 

Preboreal 



Late Neolithic 

Funnel Beaker 
Culture? 

N \ Neolithic 



first settlements, 
fired clay 



Mesolithic 



spontaneous 

conifer forest 

fires 



3.4 Palynology 



The results of 23 samples of profile Schulwiese (130 cm-37 cm) 
containing between 200 and 580 palynomorphs per count 
and abundant in micro charcoal are presented in a pollen 
diagram (Fig. 13). The diagram is subdivided into 5 local 
pollen assemblage zones (LPAZ) S1-S5, while one zone, 
LPAZ S3, is further divided into subzones 3a and 3b. 
LPAZ Si (130-117.5 cm; horizon 3Ahb/Crb) is character- 
ized by high values for Betula, Alnus and Pinus; pollen 
of Ephedra fragilis and spores of Selaginella selaginoides 
indicate relatively open stands characteristic for early 
Holocene conditions. Pollen of Quercus, Corylus and Ulmus 
at the base of the pollen zone might be reworked. The mi- 
cro charcoal curve peaks in the lower most sample which 
is probably due to lightning or spontaneous combustion of 
the conifer (Pinus) dominated woodland rather than point- 
ing to human activities (Kalis et al. 2003). Based on the 
pollen assemblage the parent material and horizon 3Ahb/ 
Crb most probably developed during the Preboreal-Boreal 
transition. 

The pollen assemblage of LPAZ S2 (117.5-102.5 cm; up- 
per part of horizon 3Ahb/Crb, horizon 2Crb, lowest part 
of 2Ahb/Crb) is dominated by Alnus whereas Betula has 
decreased, followed by Pinus and Corylus, Quercus, Ulmus 
and Tilia among the arboreal taxa (AP). Fern spores as well 
as pollen of Alnus and Betula and of herbs like Filipendula 



point to a swampy temporarily flooded environment and 
a high groundwater level. Pollen of other terrestrial helio- 
philous herbs like Asteraceae, Apiaceae, Caryophyllaceae, 
Cichoriaceae and Rosaceae are indicative of local open 
meadows at site Schulwiese. The increasing curve of grass 
pollen (Poaceae) and a peak in the generally high charcoal 
curve observed in horizon 2Crb, might point to human ac- 
tivity although anthropogenic indicators are still lacking in 
this pollen zone. From the pollen assemblage of the woody 
plants a local back swamp forest with predominantly Al- 
nus and Betula can be concluded whereas Quercus-Ulmus- 
Tilia-Corylus woodland was distributed on higher elevated 
loess stands. Summarizing the pollen assemblage of woody 
plants of pollen zone S2 (horizon 2Crb) points to an Atlan- 
tic age. 

This conclusion is supported by a 14 C-age of cal BC 
5081-4551 obtained from humic material of the 2Crb 
(108 cm) pointing to a younger Atlantic age for upper parts 
ofLPAZS2(Tab. 6) 

LPAZ S3 is divided into subzone S3a (102.5-92.5 cm) rep- 
resentative of the lower part of 2Ahb/Crb horizon and sub- 
zone S3b (92.5 cm-62.5 cm) which characterizes the upper 
part of the 2Ahb/Crb and the lower part of Bg2 horizons. 
LPAZ 3a is still characterized by high amounts of AP, main- 
ly of Alnus, Quercus, Pinus, Tilia and Corylus. The Poaceae 
curve increases towards the boundary with subzone S3b 
and a slight increase of Cyperaceae is observed as well as 
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Table 8: Late Weichselian and Holocene climate, dating, archaeological periods and soil development (profile Kartojfelfeld, Seedorf, Lower Saxony). Sam- 
pling points for OSL dating are marked by black crosses. Soil description is based on IUSS (2006) and in brackets on KA 5 (2005). 

Tabelle 8: Spatweichselzeitliche und holozane Klimaentwicklung, Datierungsergebnisse, archaologische Perioden und Bodenentwicklung fur das Profil Kar- 
tojfelfeld in Seedorf (Niedersachsen). Probennahmepunkte fur OSL-Datierung sind mit schwarzen Kreuzen markiert. Die Beschreibung der Bodenhorizonte 
ist nach IUSS (2006) und in Klammern nach KA 5 (2005). 
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an increase of the heath Calluna. In the same levels (lower 
part of LPAZ 3a and 2 Ahb/Crb horizon) a fresh thin alluvial 
loess layer with fired clay and two peaks in the charcoal 
curve point to earliest human environmental impact in the 
study area. 

During LPAZ S3b a decrease in arboreal pollen in par- 
ticular of Pinus and a strong increase of heliophytes and 
Poaceae is observed accompanied by the continuous pres- 
ence of Cerealia pollen and frequent occurrence of other 
anthropogenic indicators like Plantago lanceolata, Plantago 
major/media Type, Artemisia, Rumex and Chenopodiaceae 
(Behre 1981) and a further increase of Calluna. A Subbo- 
real age can be concluded from the pollenspectra for LPAZ 
S3a whereas LPAZ S3b reveals a phase of intensive land use 
activities of late Subboreal, early Subatlantic times. 

The OSL age of 3.9 ± 0.3 ka at the layer of fired clay in 
97 cm, most probably indicates Late Neolithic cultural ac- 
tivities in the area of Seedorf during pollen subzone S3a 
(Tabs. 6, 7 and 8). The OSL age obtained from sample SEE 
1-C (85 cm) (Tab. 3) of LPAZ S3b is around 2.6 ka and indi- 
cates a Late Subboreal age (Tab. 6) with evidence for Late 
Bronze Age to Iron Age settlement activities. 
LPAZ S4 (62.5-49 cm) comprises the middle and upper part 
of the Bg2 horizon. It is characterized by a nearly total lack of 
Pinus, the dominance of Poaceae and terrestrial herbs, Cicho- 
riaceae, Cerealia and the first occurrence of Secale (rye) pol- 
len. Summer rye cultivation on sandy soils of Northern Ger- 
many since the Roman Iron Age has been demonstrated re- 



peatedly by Behre (2000). Its regular cultivation in the study 
area since the 2 nd century after Christ (AC) is known from 
archaeobotanical investigations of excavated sites by Kirleis 
(2003) and from peat bog pollen studies for northeast Lower 
Saxony (Kirleis 2003, Becker & Urban 2006). The OSL age 
of 2.5 ± 0.1 ka from 60 cm depth is in agreement with the 
Early Subatlantic pollenspectra indicative for ongoing land 
use activities and early rye cultivation. 

LPAZ S5 (49-36.5 cm) is the youngest pollen zone describ- 
ing the uppermost part of Bg2 and the lower and middle parts 
of the colluvial horizon Bgl. The upper part of this horizon as 
well as the Ap horizon have not been sampled for pollen and 
age determination because of ploughing and other land use 
activities in the valley. The local pollen assemblages are similar 
to those of LPAZ S4 except for increasing Quercus values and 
a richer heliophilous herb flora. The OSL ages for LPAZ S5 of 
1.2 ± 0.1 ka and 1.0 ± 0.1 ka from 45 cm and 60 cm depth for 
the colluvium and the underlying Bg2 horizon (Tabs. 6, 7 and 
8) are indicating another intensive accumulation phase which 
can be related to the Middle Age deforestation period (Tab. 9). 

4 Discussion and Conclusion 

In contrast to the loess areas in Germany (summarised in 
Gehrt 2000 and Eckmeier et al. 2007) little is known on the 
environmental history and role of people in soil-sediment 
genesis of the particular sand loess study area in the central 
Liineburg Heathland. 
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Subdivision of Holocene in Lower Saxony (Northern Germany) 
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Based on LBEG (2004) 

Table 9: Late Glacial and Holocene climate, vegetation, archaeological periods and local pollen assemblage zones of soil-sediment profile Schul- 
wiese (Seedorf, Lower Saxony) (after Firbas, 1949, Iversen 1954, Litt et al., 2003). 

Tabelle 9: Spdtglaziale und holozane Klimazonen, Vegetationszonen, archaologische Perioden und lokale Pollenzonen fiir das Profil Schulwiese 
in Seedorf (Niedersachsen) (nach Firbas, 1949, Iversen 1954, Litt et al, 2003) 
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By comparing textures of the loess colluvials of the inves- 
tigated profiles with other sand loess deposits in Northern 
Germany and proximal areas (Fig. 14), it can be shown that 
the texture of Gleysol/Colluvisol Schulwiese reveals clayey, 
sandy silt whereas the Colluvisol/Stagnic Luvisol Kartof- 
felfeld has slightly higher sand content. Those differences 
are most probably due to the different depositional environ- 
ments of site Schulwiese in a small flood plain and of the sec- 
ond higher elevated gently sloping plateau site Kartoffelfeld 
(Figs. 2 and 4). All horizons developed on colluvium as well 
as the buried A horizons situated in the valley bottom, are 
rich in organic Carbon and Nitrogen as well as in free Iron, 
which is indicative of the loess-soil borne younger material. 
Profile Schulwiese situated at the valley bottom at the mar- 
gin of a small flood plain experienced at least three phases 
of relative unstable land surface and accumulation phases 
respectively. 

The pollen assemblage zones do not reflect a continuous- 
ly deposited sediment record, but the analysed pollen and 
spore assemblages derive from periods of temporary flood- 
ing, phases of pedogenetic processes under stable land sur- 
face as well as reflecting hiatuses caused by erosion. OSL 
ages and palynological data refer to Preboreal-Boreal times 
for the development of horizon 3Ahb/Crb and its parent 
material (Tab. 7). The radiocarbon age of cal BC 5081-4551 
for horizon Crb2 and palynological results indicate a mid- 



dle-younger Atlantic age. The OSL age of 3.9 ± 0.3 ka at the 
slightly higher level of 97 cm (horizon 2Ahb/Crb and 2Crb) 
suggests an early Subboreal age for the accumulation and 
soil development phase and dates the palynological evidence 
of Late Neolithic land use activities in the area of Seedorf 
(Fig. 13, Tabs. 6, 7 and 8). Roeschmann (in Kuntze et al. 
1994) described soil development, erosion and accumulation 
of colluvium in the Northern German scattered sand loess 
areas as a product of initial Neolithic anthropogenically in- 
duced environmental changes. There is evidence of the Late 
Neolithic Funnel Beaker culture (3300-2700 BC, Hege & 
Maier 1991) for the area southwest and east of Liineburg 
(Sprockhoff 1975, Schirnig 1979, Assendorp 1999) in the 
close vicinity to the study sites of Seedorf. Calluna (heather) 
is recorded from local pollen assemblage zone S3a as well as 
Cerealia pollen. Becker & Urban (2006) demonstrated tem- 
porary expansion of heathland as a consequence of agricul- 
tural land use and woodland pasture occurring during the 
latest Neolithic period at the beginning of the Bronze Age 
and in Medievel times for the southern part of the County 
of Uelzen. 

The two OSL ages obtained from 85 cm and 60 cm (Tabs. 3 
and 7) of around 2.6 ka date the local pollen assemblage zone 
S3b, which reveals a phase of intensive land use and conse- 
quently sediment accumulation due to erosion from settle- 
ment activities of Late Bronze and Iron Age cultural groups 
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Fig. 14: Soil texture triangle showing 
different sand and loess sites in Northern 
Germany in relation to texture charac- 
teristics of profiles Schulwiese and Kart- 
offelfeld (Seedorf Lower Saxony). 

Abb. 14: Zusammenstellung verschiede- 
ner Proben aus Sand- und Sandlossge- 
bieten in Norddeutschland und vergleich 
mit den Korngrossenuntersuchungen aus 
den Profilen Schulwiese und Kartoffelfeld 
(Seedorf Niedersachsen). 
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(Tabs. 6, 7 and 9). As there is local (Seedorf Cultural Stage, 
Schwantes 1952) and regional archaeological evidence of 
widespread Iron Age settlements attributed to the Jastorf 
culture (600-0 BC, Hassler 1991), this part of the profile 
Schulwiese clearly derives from a phase of intensive anthro- 
pogenic impact on the Late Subboreal/Early Subatlantic 
landscape, which is as well recorded from pollen diagrams of 
peat bogs and archaeobotanical investigations of sites close 
by (Kirleis 2003). Unexpected observations were made for 
the colluvial accumulation of Bw3 and Bw2 horizons of pro- 
file Kartoffelfeld (Tab. 8), which have been OSL dated to 4.6 
ka and 2.6 ka corresponding most probably to the same Late 
Neolithic and Iron Age cultural periods, the latter one attrib- 
uted to the Jastorf culture, found as well in profile Schulwiese 
(Tab. 7). 

The latest severe erosional phase which resulted in the 
colluvium of profile Schulwiese (Tabs. 7 and 9, Fig. 12) was 
OSL dated to around 1 ka and corresponds with the Early 
and Late Medieval deforestation period, which is not re- 
corded in the pollen diagram but well known from other 
research. Bork et al. (1998) describe a reduction of forest 
cover in Germany up to 17% at the time of 1300 AD due to 
extensive expansion of arable land. 

The OSL age of 66.9 ± 4.5 ka for the parent material of 
horizons 2Bwbl/Bgbland 2Btb/Bgbl of sequence Kartof- 
felfeld points to an Early Weichselian depositional phase of 
sandy silty material and gives additional information about 
erosion processes since that time. 

The results show evidence of human impact on soil de- 
velopment since the Neolithic which is shown by the black 
horizon in the Schulwiese profile. However, organic hori- 
zons are not mandatory for anthropogenic activities. Based 
on this study human impact on the widely distributed hu- 
mic soils in the sandy loess area has to be accepted since 
the late Neolithic Bronze Age transition. Zolitschka et al. 
(2003) demonstrated that the first spread of Neolithic cul- 
tures in the loess areas of southern Germany was guided 
by soil quality. Their observations point to a change of that 
pattern towards the late Neolithic, when agriculture ex- 
panded all over and across central Europe, which coincides 
with the start of cooler and moister climatic conditions. 
Our results deduced from soil sediment archives suggest- 
ing four post-Neolithic main periods, the early Bronze Age, 
the pre-Roman and the Roman Iron Age and the early to 
late Medieval of increasing human environmental impact 
and settlement in the sandy loess region of the Liineburg 
Heathland (Tabs. 7, 8 and 9), which are in good accordance 
with findings made in colluvial, fluvial and lacustrine ar- 
chives of other reference areas in Germany described by 
Zolitschka et al. (2003). 

More work on other sites of the Liineburg Heathland is 
required to prove and refine our results and furthermore 
to separate the humic horizons from modern Plaggen soils. 
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A spatial compilation and visualization of loess parameters was carried out for the Pleistocene loess and loess-like sediments 
in the Weser-Aller catchment (southern Lower Saxony and northern Hesse, NW Germany), one of the loess regions of Central 
Europe. As far as available, data about main loess characteristics like thickness, granulometry and stratigraphy were combined 
for the first time with spatial information extracted from maps. Data storage and analysis in a geographical information system 
(GIS) permitted creation of large-scale thematic loess maps. 

The loess thickness map displays an increase of the thickness in valleys and basins and from north to south. The granulometry 
map presents main granulometrical fades types of the loess cover. Furthermore, several loess locations with unusual thickness 
were identified and their special geological and geomorphological conditions are discussed. 

In summary, the loessic sediments in the northern part of the study area are of Upper Weichselian age, whereas in the south- 
ern upland regions incomplete or detailed Weichselian loess sequences were identified. In conclusion, highly detailed maps of 
regional loess-property patterns can be created even if only heterogeneous historically published data are taken into account. 

[Raumliche Analyse von Lossen und loss-ahnlichen Sedimenten im Weser-Aller-Einzugsgebiet (Sud-Niedersachsen und 
Nord-Hessen, NW-Deutschland]] 

Eine raumliche Kompilation und Darstellung von Loss-Parametern wurde fur die pleistozanen Losse und loss-ahnlichen Sedi- 
mente im Weser-Aller-Einzugsgebiet (Sud-Niedersachsen und Nordhessen, NW-Deutschland), einer der Lossregionen in Mit- 
teleuropa, durchgefuhrt. Erstmals wurden Daten, soweit verfiigbar, iiber die wichtigsten Losseigenschaften, wie Machtigkeit, 
Granulometrie und Stratigraphie mit raumlichen Informationen von Karten kombiniert und ausgewertet. Die Datenerfassung 
und - analyse in einem Geographischen Informationssystem (GIS) ermoglichte die Ableitung grofiformatiger thematischer 
Losskarten. 

Daten iiber Lossmachtigkeiten wurden analysiert und zu einer regionalen Machtigkeitskarte kompiliert. Zusatzlich dazu wurden 
zahlreiche Lossvorkommen mit anormaler Machtigkeit aufgrund spezieller geologischer und geomorphologischer Bedingun- 
gen abgegrenzt. Mehrere Lossregionen mit unterschiedlicher granulometrischer Fazies wurden ausgeschieden. Zudem konnten 
regionale Lossdecken unterschiedlichen Alters kartiert werden. Die Lossdecken im nordlichen Teil des Untersuchungsgebietes 
haben jungweichselzeitliches Alter, dagegen wurden im Bergland Regionen mit unvollstandigen und gut gegliederten weich- 
selzeitlichen Lossabfolgen nachgewiesen. Die Ergebnisse der Untersuchung zeigen, dass auf der Grundlage verofTentlichter, 
heterogener Daten neue Aspekte und regionale Muster abgeleitet werden konnen. 
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1 Introduction 



Loess and loess related sediments cover wide parts of Eu- 
rope. In North-Western and Central Europe they form a 
continuous loess belt, trending roughly in ESE-WNW di- 
rection. The belt is limited by a northern and southern 
boundary (Haase et al. 2007). In Germany, the northern 
boundary of the loess belt runs north of the Rhenish Mas- 
sif, the Harz Mountains and the Ore Mountains and sepa- 
rates the loess and loess-like sediments from cover sands 
and drift sands (Eissmann 2002, Haase et al. 2007). Five 
main loess regions adjoin to the northern boundary. These 
are from west to east the lower Rhine area, southern parts 
of the Weser-Aller catchment (southern Lower Saxony and 
northern Hesse), the loess region northeast of the Harz 
Mountains (Saxony-Anhalt) and the loess region north of 
the Ore Mountains (Saxony). 



The loess and loess related sediments in the Weser-Aller 
catchment were the subject of many mapping campaigns 
and studies. Grupe (1916a) and Seltzer (1936a, 1936b) rec- 
ognized different layers, paleosols and ice-wedge pseudo- 
morphs in the loess outcrops and tried to distinguish loes- 
sic sediments of different ages. Schonhals, Rohdenburg 
& Semmel (1964) published a detailed stratigraphy of the 
loesses in Hesse that is based on paleosols and tephra. 
Rohdenburg & Meyer (1966) extended the Eemian and 
Weichselian part of the pedostratigraphy to southern Low- 
er Saxony and northern Hesse. Rohdenburg (1966) added 
ice-wedge pseudomorphs. Subsequently, new facies types 
(Breinum soil, Hattorf soil, Alversdorf soil) of the Middle 
Weichselian Lohne soil were described by Bartels & Ro- 
hdenburg (1968), Ricken & Meyer (1982), Ricken (1983) 
and Brosche & Walther (1978, 1991). 
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Fig. 1: Outline, main geological units and shaded relief of the study area. (DEM: ASTER GDEM is a product ofMETI and NASA; river network: Open- 
StreetMap, published under CC-BY-SA 2.0) 

Abb. 1: Umriss, geologische Haupteinheiten und beleuchtetes Gelandemodell des Untersuchungsgebietes. (DGM: Globales ASTER-DGM ist ein Produkt 
von METI und NASA, Flussnetzwerh OpenStreetMap, verbffentlicht unter CC-BY-SA 2.0) 



Ricken & Gruger (1988) verified the age of the oldest 
palaeosols based on a transition between dated lake sedi- 
ments and paleosols of Eemian and Early Weichselian age. 
Roeschmann et al. (1982) published a compiled overview 
of the paleosols in Lower Saxony and Bremen. This loess 
stratigraphy was proven and correlated with other regions 
(e.g. Ricken 1983). 

In the following years scientists mapped and published 
a lot of detailed individual loess sections or outcrops in 
smaller areas based on the above mentioned pedostratig- 
raphy. Brosche & Walther (1978) examined and corre- 
lated sections in the brown-coal opencast pits near the 
northern loess boundary. Jauhiainen & Brunotte (1978), 
Schwartau (1978, 1979) and Brunotte ^Jauhiainen (1979) 
described a complete Upper Weichselian section in the 
Leine valley. Ricken & Meyer (1982) and Ricken (1983) 
studied the loess cover and paleosols in the Southwest 
Harz Foreland and the Eichsfeld. 

In northern Hesse Jacobshagen, Huckriede & Jacob- 
shagen (1963), Bosinski (1969), Kulick & Semmel (1968) 
and Bosinski & Kulick (1973) analyzed archeological and 
paleontological findings in loess sections. Semmel (1967) 
reported new findings of Eltville tephra in Hesse and he 
published a summary of the loess sections in Hesse in 1968. 
Brosche & Walther (1980) studied loess outcrops in the 
Weser valley. 

Furthermore, some isolated deposits of Lower or Middle 
Pleistocene age, not included by the pedostratigraphy of 



Rohdenburg & Meyer (1966), were examined. Most of the 
loess remnants survived due to special conditions, e.g. in 
grabens or subrosive sediment traps. Moreover, they con- 
tain paleosols or are intercalated with interglacial sedi- 
ments. Luttig (1960a), Jordan & Schwartau (1993) and 
Gruger et al. (1994) investigated such deposits in the Leine 
valley. Luttig & Rein (1955), Luttig (1965) and Bittmann 
& Muller (1996) analyzed the interglacial sediments and 
loesses in the Bilshausen clay pit in the Southwest Harz 
Foreland. Sabelberg et al. (1976) and Mahaney, Andres & 
Barendregt (1993) studied the stratigraphically important 
Dreihausen paleosol sequence in northern Hesse. 

The loess and loess related sediments along the north- 
ern boundary contain no Eltville tephra and no paleosols 
of Weichselian age. Therefore, the pedostratigraphical 
scheme of Rohdenburg & Meyer (1966) can not be ap- 
plied on these sediments. Gehrt (1989, 1992, 1994) mapped 
the loess near the boundary between the Leine and Oker 
valley. He found vertical and horizontal zones of different 
lithology and age. As a result, he defined a lithostratigra- 
phy of this marginal facies. Hilgers et al. (2001) carried out 
luminescence dating in order to establish a chrono stratig- 
raphy for these loess and sandy-loess sediments. 
Beside these stratigraphic investigations the authors tried 
to analyze the spatial properties of loess and to subdivide 
the loess region into sub regions. Wortmann (1942) pub- 
lished the first loess map of Lower Saxony based on small- 
scale soil maps displaying sediment lithology and thick- 
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ness. Merkt (1968) published a new version of a loess dis- 
tribution map of southern Lower Saxony and adjacent re- 
gions. In contrast to Wortmann (1942), he exploited small- 
scale geological maps and unpublished material. 

Muller (1961), Niederbudde (1976) and Siebertz (1988) 
analyzed loess properties (e.g. grain size distribution, min- 
eral composition) to outline regional zones within the loess 
cover. Beside this, scientist tried to distinguish regions that 
show differences in paleosols, lithology or sequences. They 
aimed to determine climatic differences and trends. For ex- 
ample, Rohdenburg & Meyer (1966) published outcrop 
maps, maps of the Lohne soil distribution and described 
wet and dry loess provinces based on paleosols facies. Fur- 
thermore, Walther & Brosche (1983) gave an extended 
compilation of stratigraphical columns including climatic 
interpretation near the northern loess boundary. Brosche 
& Walther (1991) mapped a large number of loess sec- 
tions in Lower Saxony and north-eastern North Rhine- 
Westphalia. They provided many details for the regional 
loess stratigraphy and to the geomorphological periods 
during the Weichselian. Correlation of loessic, solifluction 
deposits, fluvial and glaciofluvial sediments in the North 
Harz Foreland combined with luminescence dating was 
published by Reinecke (2006). 

In spite of the huge dataset only few regional graphical 
presentations, e.g. location maps, distribution maps, facies 
maps (Rohdenburg & Meyer 1966, Walther & Brosche 
1983, Brosche ^Walther 1991), or maps, displaying the dis- 
tribution of marker horizons like the Lohne soil or the Eltville 
tephra, were compiled. The available geological or loess maps 
give only limited information about the third dimension (e.g. 
thickness, loess sequences or the age of the loess deposits). 
In contrast to the regional overview of the loess properties 
in Eastern Germany by Eissmann (2002), there is no recent 
compilation of such data for Northwestern Germany. 

The aim of this study is a regional overview of the main 
loess characteristics (granulometry, thickness and stratig- 
raphy) in the Weser-Aller catchment which is based on all 
available descriptive or graphical data. The second objec- 
tive of the investigation is a spatial analysis of the existing 
data in order to recognize spatial patterns of regional scale. 
The following questions are addressed: 

- May spatial information be extracted from published 
data? 

- To which level of spatial and qualitative accuracy can 
the data be extracted over the extended area? 

- Can regional ages of the loess cover be estimated, if 
there are only few numerical ages available? 

2 Background 

Study area 

The study area is located in Northwest Germany covering an 
area of about 17,800 km 2 (Fig. 1). It comprises the southern 
part of the Northwest German Plain and the northern part of 
the Northwest Central Uplands. The study area is bordered 
by the Harz Mountains, the Thuringian Basin, the Vogelsberg 
Mountains, the Rhenish Massif and the Westphalian Low- 
lands. The rivers Weser and Aller and their tributaries drain 
wide parts of the study area. The elevation ranges from 30 m 
a.s.l. in the North to 730 m a.s.l in the South. 



The area is subdivided into the northern lowland and the 
southern mountainous region. The northern part comprises 
the Weser-Aller Plain, the Lower Saxony Borde and parts of 
the northern Harz Foreland. The region is covered by ex- 
tended Pleistocene and Holocene sediments. The underlying 
Tertiary to Mesozoic sedimentary rocks are exposed in a few 
ridges or hills only (Fig. 1). 

The southern mountainous area is subdivided into the 
Lower Saxon Hills including Weser and Leine Hills (or 
Weser-Leine Uplands) and the northern Hesse Highlands. 
In the higher parts, ridges or hills with marine to terres- 
trial sedimentary rocks of Upper Palaeozoic to Tertiary 
age are exposed. In the South mainly Triassic rocks crop 
out, whereas to the North mainly Jurassic to Cretaceous 
rocks are exposed. Weak to strong tectonic overprint of the 
pre-Quaternary rocks is evidenced by normal faults and 
grabens, inverse faults, thrusts and folds. The tectonic pat- 
tern is also influenced and complicated by strong haloki- 
netic processes like salt movements, salt dissolution, and 
salt intrusion in relation to the various salt-bearing Per- 
mian to Mesozoic strata. These processes are still ongoing. 
The main tectonic directions, visible in the orientation of 
the large folds, faults, ridges and valleys are NW-SE, N-S 
and NE-SW. This complex geology of the pre-Quaternary 
bedrock results in a heterogeneous, small-scale regional 
pattern of valleys, hills, basins and grabens. Quaternary 
sediments were mainly accumulated in the valleys, on 
slopes and in upland basins or marginal basins. 

The distribution of the Pleistocene sediments is charac- 
terized by three important boundaries (Fig. 2). The north- 
ern boundary of the loess belt runs along the line Melle 
- Minden - Hanover - Braunschweig - Helmstedt. It sepa- 
rates the almost continuous cover of loess and loess-like 
sediments in the South from regions in the North, where 
predominantly cover sands and drift sands were deposited. 
The southern boundaries of the Elsterian and Saalian gla- 
ciation cross the study area along a line Rinteln - Alfeld - 
Seesen - Goslar (Kaltwang 1992). They separate the per- 
iglacial Pleistocene sediments in the South from the glacial, 
glaciofluvial, periglacial and fluvial deposits in the North. 
The ice-shield of the Weichselian glaciation did not extend 
to the study area. 

Aeolian sediments 

The aeolian sediments of the study area can be subdivid- 
ed by their grain-size distribution into aeolian loess, sand- 
banded loess, sandy loess, and cover sand (Vierhuff 1967, 
Weise 1983). In general, the light-coloured, calcareous, un- 
stratified, loess contains more than 15 % of silt (medium 
to coarse silt), less than 15 % sand (0,063-2 mm), and clay. 
The sandy loess consists of more than 15 % sand and more 
than 15 % silt (maxima in medium to coarse silt). The sand- 
banded loess is a stratified mixture of loess and sandy-loess. 
During the last century local German names, like "Flottsand" 
and "Flottlehm" were used for sandy loess. These terms are 
not exactly defined and used by different authors for differ- 
ent aeolian sediments (Wortmann 1942, Siebertz 1982, Sie- 
bertz 1992). Generally "Flottlehm" is a silt-rich sandy loess 
and "Flottsand" a sand-rich sandy loess (Gehrt 1994). Cover 
sand has an even higher sand content. 

Apart from these, some more loess-like deposits are rel- 
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evant, which were originated from loess by different proc- 
esses. Loamy loess or loess loam is loess which was de- 
calcified during weathering and soil genesis. Soliflucted 
reworked loess was generated by downslope movement 
during gelifluction or solifluction, which results in a mixed, 
banded or chaotic structure with possible higher amounts 
of clay, sand, or blocky gravel from over- or underlying 
material. The colour is strongly influenced by the amount 
of these contaminants. When aeolian loess is eroded and 
transported by water, fluvially reworked loess with a stri- 
ated structure and gravel or sand intercalations will be de- 
posited. 

A special type of aeolian deposition is represented by 
mixed layers of glacial loam, sand, and silt on top of un- 
weathered glacial till. Many authors interpret their fine 
sand and silt content as aeolian relics, reworked and in- 
corporated in these layers. This "Geschiebedecksand" may 
have a basal stone layer, fluvial structures and cryoturba- 
tion features. 

Loess regions 

The northernmost part of the loess belt investigated com- 
prises the "Borde" - a loess-rich region between the north- 
ern loess boundary and the slopes of the Lower Saxon Hills 
and the Harz Mountains (Fig. 2). The almost flat plain as- 
cends slightly to the South. It is underlain by thick gla- 
cial, glacio-fluvial and periglacial sediments. The region is 
structured only by few ridges or swells of Mesozoic bed- 
rock (Fig. 1). 

The Borde is 6 to 30 km wide in North-South direction 
and separated by the Weser, Leine, Innerste, and Oker val- 
leys into different segments: the narrow Liibbecke Loss 
Borde, the A-shaped Calenberg Loss Borde and the Braun- 
schweig-Hildesheim-Borde. The Borde zone merges east of 
Helmstedt into the Magdeburg Borde. The loess accumulat- 
ed all over the lowland and on most slopes, only dissected 
by drainage networks. 

The Elm-Asse-Helmstedt region east of the Hildesheim- 
Braunschweig-Borde also borders to the northern bound- 
ary of the loess belt. This region is characterized by a quite 
different morphology more similar to the upland dominat- 
ed by several NW-SE-trending anticlines and synclines of 
folded Mesozoic to Tertiary sedimentary rocks, where the 
Elm and the Asse are the largest domes. Due to the un- 
dulating morphology the loess cover is not continuously, 
loess is enriched in valleys and slopes, basins and lower 
ridges (Merkt 1968). According to Wortmann (1942) there 
is also loess on the higher parts of the slopes, even on the 
hills and ridges, e.g. parts of the Elm. 

Some areas, which are separated from the loess bounda- 
ry by ridges and small uplands or those located in the Low- 
er Saxon Hills, have a Borde-like appearance. This includes 
a huge, extended loess cover and wide, flat areas with 
smooth or undulating morphology. The loess cover is only 
dissected by the recent drainage network or influenced by 
some steeper ridges or slopes. There is the wide region be- 
tween the Harz Mountains and the anticlines in its foreland 
and the Ravensburg Hills, a long stripe between the Wie- 
hen Hills, the Tecklenburg-Osning and the Wehre valley in 
the easternmost part of the study area. 

In contrast, the uplands south of the Calenberg Borde 



and the Hildesheim-Braunschweig Borde, the so called 
Leine Uplands, show a more pronounced morphology 
which is caused by synclines, anticlines, and thrusts of 
folded Mesozoic rocks. The Leine Uplands are subdivided 
by the narrow Leine and Innerste valley into the Calenberg 
Uplands, Alfeld Uplands and Innerste Uplands. According 
to Merkt (1968) loess covers the flat regions, the north- 
eastern and northern slopes and few south-western slopes 
of the elongated valleys and hills up to 200 to 250 m altitude 
and is accumulated in some grabens and subrosion-related 
structures. 

The morphology of the above mentioned long and nar- 
row valleys and basins is quite different from the more ir- 
regular and diverse loess accumulation sites in the central 
parts of the upland. The deposition structures of various 
sizes and shapes occur mainly within plateaus of Triassic 
sedimentary rocks, which are dissected by several faults 
and influenced by subrosion activities. The loess was ac- 
cumulated in the shallow basins, in sinks, tectonic grabens, 
and mainly on eastern, north-eastern, and northern slopes 
up to 230 to 270 m altitude, and in drainage features. The 
higher ridges, hills, and steep slopes are free of loess. The 
situation is typical for the Lower Eichsfeld Basin, the Uslar 
Basin, and the Warburg Borde but is also found within the 
Lippe Upland, the Pyrmont Uplands and Oberwalder Land, 
and the Waldeck Uplands and Plains. 

Apart from these small-scale irregular and shallow loess 
accumulation structures wide and extended depressions 
occur within the Uplands. They were filled with Tertiary 
and Quaternary sediments during long-lasting periods of 
subsidence caused by tectonic or halokinetic processes. 
Loess accumulated within the depressions mainly on the 
eastern slopes. Large depressions are located in the Leine- 
Ilme Basin and the West Hessian Depression. 

Southwest of the Harz Mountains there are marginal ba- 
sins with Tertiary fillings and strong subsidence. The ba- 
sins are smaller and show a small-scale pattern of valleys 
and ridges. Typical for this type is the triangular South- 
west Harz Foreland between the Alfeld Uplands and the 
Harz Mountains. Common subrosion and karst features are 
related to highly soluble Permian sulphate and carbonate 
rocks. Loessic sediments cover the plains, the basins, the 
valleys and the slopes up to 200 to 300 m in elevation. 

The main river valleys within the Lower Saxon Hills and 
the Hesse Highlands are also distinct, morphological traps 
for loess deposition. They are treated as separate loess re- 
gions in this study. The valleys of the rivers Weser, Fulda, 
Werra and Leine are rich in loess compared to the adjacent 
regions. 

The upper Leine valley between Gottingen and Einbeck, 
South of the Leine-Ilme Basin, is mainly influenced by the 
complex structure of the N-S-striking Leine valley Graben. 
The wide valley with the distinct, fault-related slopes has 
a closed loess cover, quite different from the adjacent hills. 
The valleys of the rivers Fulda, Werra and Werre in the 
Southeast of the study area follow tectonic structures in a 
small-scale pattern of NW-SE-trending faults and fractures. 
The loess accumulated in the narrow and steep valleys, es- 
pecially on the western or north-western side up to 250 m 
in elevation. The bedrock consists of Lower Triassic sand- 
stones and subordinate Paleozoic rocks. 
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Fig. 2: Aeolian sediments, loess regions and main boundaries of Quarternary age. (DEM: ASTER GDEM is a product ofMETI and NASA; river network: 
OpenStreetMap, published under CC-BY-SA 2.0; maximum ice advance: Kaltwang 1992) 

Abb. 2: Aolische Sedimente, Loss-Regionen und wichtige quartare Verbreitungsgrenzen. (DGM: Globales ASTER-DGM ist ein Produkt von METI und 
NASA; Flussnetzwerh OpenStreetMap, veroffentlicht unter CC-BY-SA 2.0; Maximale Eisausdehung: Kaltwang 1992) 



The upper Weser flows in a narrow, meandering valley 
deeply incised in Lower Triassic sandstone through the so- 
called Upper Weser Uplands. North of Hameln the river 
flows in a NW-SE-trending valley through Middle to Up- 
per Triassic and Jurassic to Cretaceous rocks of the Lower 
Weser Uplands. The river leaves the Lower Saxony Hills 
through Porta Westphalica and enters the loess Borde of 
the Northwest German Plain. Along the river loess was 
mapped on the valley slopes on one or both sides, favour- 
ably on northeast-, north- and east-facing sides up to 200 to 
300 m altitude. Graupner (1970) and Brosche & Walther 
(1991) already noted that the region south of Hameln is 
richer in loess. Single loess deposits were mapped in aban- 
doned lobes, incoming valleys, or subrosive sinks. With 
increasing distance from the main valley the loess cover 
thins out and is only found in some patches. Wortmann 
(1942) mapped some parts of the Weser valley. His loess 
patches are a bit larger and more connected than on the 
other maps. 



Loess stratigraphy 

The loess stratigraphy of the study area comprises Upper 
Pleistocene loessic sediments and paleosols (Tab. 1). The 
stratigraphically lowest part of the Upper Pleistocene is 
the Eemian interglacial soil, a typical brown haplic luvi- 
sol (WRB). The Lower Weichselian is composed of loess, 
which is in most cases decalcified, and has a strong pedog- 
enetic overprint. Besides loess a lot of other sediments are 
typical for this unit, like pedosediments of Lower Weich- 
selian or Eemian soil horizons, glaciofluvial and glacial 
sediments, or weathered bedrock. In the stratigraphically 
upper part of the Lower Weichselian sequence the loess 
amount increases. The most prominent pedogenetic fea- 
tures are Ah, Al and Bt horizons and features related to 
stagnic conditions. These soil horizons are relics of hap- 
lic chernozem, rendzic leptosol, haplic luvisol and stagnic 
gleysol. Ricken (1983) mentioned cycles from dry to wet 
conditions inferred from these palaeosols. The main impor- 
tant marker horizons are up to four Ah horizons includ- 
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Table 1: Pedostratigraphy of the loess- and loess-like sediments in southern Lower Saxony and northern Hesse (after: Rohdenburg & Meyer 1966, Ricken 
& Meyer 1982, Brosche & Walther 1991, Pouclet & Juvigne 2009). 

Tabelle 1: Pedostratigraphie derLoss und loss-ahnlichen Sedimente in Siid-Niedersachsen und Nordhessen (nach: Rohdenburg & Meyer 1966, Ricken & 
Meyer 1982, Brosche & Walther 1991, Pouclet & Juvigne 2009). 



Period 


Loess and loess- 


Marker horizons 


Age (ka) 




related sediments 


southern Lower Saxony 


northern Hesse 




Late 










Weichselian 




Laacher See Tephra 


12.900 




wj5 alpha loess 


wj4 beta soil 








wj4 alpha loess 


wj3 delta soil 


E4 




Upper 
Weichselian 


wj3 gamma loess 


Eltville Tephra 
wj3 beta soil 


E3 


20.000 




wj3 alpha loess 


wj2 beta soil 


E2 






wj2 alpha loess 


wj1 gamma soil 


E1 






wj1 beta loess 










wj1 alpha loess 












Lohne soil & equivalents 


Hahnstatt soil 


30.000 


Middle 


wm 


Kirchberg soil 


Graselberg soil 




Weichselian 














Herzberg soil 














Niedervellmar 








wa2 


Ah horizon 


soil complex 






Lower 




Ah horizon 








Weichselian 




















Ah horizon 








wa1 


Ah horizon 


Bilshausen 




a a —7 r\r\r\ 








soil complex 




117.000 


Eemian 




Eemian soil 




Erbach soil 





ing one typical Al horizon (bleached zone), disconformi- 
ties (stone layer), a basal solifluction layer, enrichments in 
Mn-Fe concretions and charcoal. Due to the wide range of 
sediments, the influence of local material and the possible 
soil horizons the Lower Weichselian sections show a high 
heterogeneity. Without the prominent Ah horizons a clear 
correlation of different sections is quite difficult. 

The Lower Weichselian in the study area was subdivid- 
ed by Rohdenburg & Meyer (1966) and Ricken & Meyer 
(1982) into a lower unit (wal) and an upper unit (wa2). 
Generally, the base of wal is a solifluction deposit of re- 
worked Eemian soil material, the stratigraphically young- 
est Ah horizon is the boundary to the Middle Weichselian. 
In some locations a loamy soil complex (Niedervellmar 
soil complex) was formed instead of typical soil horizons. 
If it is overlain by Middle Weichselian arctic brown soils or 
loamy loess, no clear boundary can be drawn. The authors 
dated the Niedervellmar soil complex as a part of the wa2 
and wm (Tab. 1). 

The Middle Weichselian is characterized by calcified or 
partly decalcified loess, a high amount of fluvially reworked 
loess, and intercalations of gravel and sand. In the loess se- 
quence, artic brown soils and arctic soils are found, e.g. the 



Herzberg soil and the Kirchberg soil. Reinecke (2006) de- 
scribed very detailed Middle Weichselian loess sequences 
with several intercalated soils east of the study area. The 
most prominent marker horizon is the Lohne soil, which is 
correlated with the Denekamp interstadial. Bartels & Ro- 
hdenburg (1968) described a greyish brown soil equivalent 
called Breinum soil, Ricken (1983) found a stagnic palae- 
osol of the same age termed Hattorf soil, and Brosche & 
Walther (1991) located an arctic paleosol equivalent termed 
Alversdorf soil. The Lohne soil and its equivalents correlate 
to the top of the Middle Weichselian record. 

The Upper Weichselian is the most homogeneous unit of 
the study area (Rohdenburg & Meyer 1966). It is composed 
mainly of loess. Up to five arctic palaeosols are found in 
the loess sequence (wjlgamma, wj2beta, wj3beta, wj3delta, 
wj4beta), generally the wj3delta soil is the most prominent 
one. Besides the soils the Eltville tephra, ice-wedge pseu- 
domorphs of various sizes, and frost fissures are important 
marker horizons. The uppermost arctic paleosol (w4beta) 
was found very seldom, sometimes in sinks of ice-wedge 
pseudomorphs, normally but masked by the Holocene soil 
formation. 
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3 Data 



The available published data about loess in the study area 
can be subdivided into three different types (Fig. 3). 

- The first, most important data type includes descrip- 
tions of loess sections, outcrops, or drill-holes. The in- 
formation is provided mainly as text, sketches or pic- 
tures, and few tables. 

- In contrast, the second type of data comprises descrip- 
tions about loess properties in a limited area, such as 
local thickness, granulometry, age, or facies of loessic 
sediments. 

- The third type compiles data about loess properties 
that are already published in a two dimensional way. 
These can be hard-copies of maps or digital maps. They 
cover more or less the whole study area, because of the 
large-scale. 

The main data sources used are publications, maps and 
digital data. Most of the articles, mentioned in the previ- 
ous chapter, contain extensive descriptions and sketches 



of loess sections, outcrops and drill-holes. Furthermore, 
they comprise comments about the local and regional loess 
properties. These papers are the essential data source of 
the study. 

Additionally, publications about Holocene and Pleis- 
tocene sediments were examined, as well as palaeobotani- 
cal, geomorphological, archaeological or paleontological 
topics including supplementary details about loess and 
loess-like sediments. Furthermore, releases like excursion 
guides or general publications about the occurrences of un- 
consolidated construction material or brown coal deposits 
were included. 

Other important input sources are explanatory notes on 
the geological map sheets. The German geological map 
sheets on a scale of 1: 25,000 (GK25) have been mapped 
since the late 19th century by the regional Geological Sur- 
veys (Fig. 4). Together with every completed map sheet, 
the Geological Surveys published an explanatory report of 
varying extent. In these explanatory notes the authors de- 
scribed every geological unit in detail and added further 




i 



Fig. 3: Loess locations and outline of geological map sheets (1: 25,000 - GK25). (DEM: ASTER GDEM is a product ofMETI and NASA; river network: 
OpenStreetMap, published under CC-BY-SA 2.0) 

Abb. 3: Losslokationen und Umrisse der geologischen Kartenblatter (1: 25.000 - GK25). (DGM: Globales ASTER-DGM ist ein Produkt von METI und 
NASA; Flussnetzwerh OpenStreetMap, veroffentlicht unter CC-BY-SA 2.0) 
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descriptions that are not presented on the associated geo- 
logical map. For that reason, in most explanations some 
loess sections or drill-holes have been described in detail 
and some outcrops with remarkable thickness were cited. 
Furthermore, the authors released short or extended de- 
scriptions of the properties of the loess and loess-like de- 
posits in the particular area covered by the map sheet. 

Moreover, different thematic maps, either as hard copies 
or as digital data, were used for the study. The following 
three thematic loess maps, available as hard copies, were 
analyzed. 

- The loess map of Wortmann (1942) on a scale of 
1: 700,000 is based on small-scale soil maps. On the map 
the units of the aeolian sediments are classified according 
to granulometry (loess, "Flottlehm", "Flottsand" and sandy 
loess) and thickness (0.2 to 0.5 m; 0.5 to 2 m and more 
than 2 m). Cover sands and drift sands were not consid- 
ered, because the author could not infer them from the 
soil maps. The map covers southern Lower Saxony and 
small areas of Saxony -Anhalt and Thuringia. 

- The loess map of Merkt (1968) is based on published 
geological maps and unpublished drafts from the Geo- 
logical Survey of Lower Saxony on a scale of 1: 25,000 
and a 1: 200,000 general map. The scale of the loess map 
is 1: 300,000, covering southern Lower Saxony and small 
parts of North Rhine-Westphalia, Hesse and Saxony- 
Anhalt. Merkt (1968) distinguished loess, sand-banded 
loess as well as sandy loess and separated two thickness 
classes. Additionally, he illustrated the heterogeneous 
data level of each input map as a small figure. 

- Muller (1961) outlined loess, sandy loess, cover sands 
and drift sands, weathered soils and recent deflation ar- 
eas on the loess map of North Rhine-Westphalia on a 
scale of 1: 1,000,000. The latter author distinguished four 
loess regions according to their grain size values and 



mineral composition, but without thickness data. Only 
region IV (Lower Weser Upland) of Muller (1961) be- 
longs to the recent study area. 
Furthermore, a geological map of the whole study area was 
incorporated. The geological map of Germany on a scale of 
1: 200,000 (GUK200) is a digital and generalized compilation 
of all German geological maps sheets on a scale of 1: 25,000 
(GK25). The part of the GOK200 that covers the study area 
was used in this study. In contrast to the above maps, this 
digital map has an attached database containing proper- 
ties of all mapped units. Aeolian sediments are subdivided 
in loess and loamy loess, sandy loess and cover sands. But 
there are no thickness values. A digital elevation model 
based on ASTER satellite data with horizontal resolution 
of 25 m x 25 m was inserted. These data are distributed by 
the Land Processes Distributed Active Archive Center (LP 
DAAC), located at the U.S. Geological Survey (USGS) Earth 
Resources Observation and Science (EROS) Center (lpdaac. 
usgs.gov). ASTER GDEM is a product of METI and NASA. 

4 Methods 

GIS 

The database of this study consists of a huge, heterogene- 
ous data set of point data, local descriptions and regional 
information. All types of data contain spatial references 
(information about location or coordinates). For spatial 
analysis the GIS software ArcGIS was used which permits 
storage, display and analysis of spatial data in so called lay- 
ers. The graphical part of the data (the map content) is rep- 
resented in vector format as points, polylines or polygons, 
or in raster format as images or grids. The individual layers 
can be superimposed exactly above each other according 
to accurate coordinates, comparable to a traditional stack 
of maps or transparent papers. In contrast to a traditional 
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Year of publication 

Fig. 4: Year of publishing and number of published explanations on the geological map sheets on a scale of 1: 25,000 (GK25) of the study area. 

Abb. 4: Jahr der Veroffentlichung und Anzahl der veroffentlichten Erlauterungen zur Geologischen Karte 1: 25.000 (GK25) des Untersuchungsgebietes. 
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stack of maps or image processing in graphical software 
packages the GIS software stores attribute data of each ob- 
ject in a connected table or database. For further analysis 
objects with relevant attribute data can be extracted based 
on logical queries, displayed, labelled, and overlain. 

A new GIS-project in ArcGIS with the coordinate sys- 
tem GauB Kriiger Zone 3 was created. Firstly, the digital 
data (GOK200 files, ASTER DEM files) were imported and 
prepared for further analysis. The single tiles were merged 
to create mosaics, the part of the mosaic, covering the 
study area was clipped. The clipped files were transformed 
from geographic coordinates to the projected coordinate 
system GauB Kriiger Zone 3. Afterwards the hard copies 
of the analogue loess maps were scanned, added to the GIS 
project, and geo-referenced. Finally, different shaded relief 
images on the basis of the DEM were calculated. 

In contrast to processing of the digital input data most of 
the spatial information about loess properties is expressed 
in texts, tables, or sketches in loess-related publications. 
For use in the GIS program they have to be transformed 
into GIS layers. Hence, two types of layers for the different 
data types were created. 

The first one is a point layer representing loess outcrops, 
drill-holes, or sections. All points, independent from out- 
crop type, were named as "loess locations". These loess lo- 
cations were digitized as points according to their coor- 
dinates or position details or copied from geo-referenced 
location maps. 

Sometimes several single descriptions of loess sections 
had to be generalized and combined to one loess location. 
The reasons for that may be that 

- different sections were mapped in one outcrop or clay pit, 

- several descriptions on one outcrop were made by dif- 
ferent authors, or 

- several loess outcrops are located close to each other 
in one region. 

These "summary" locations were named after the nearest 
village, town or natural region. In the connected attribute 
table the following data, if available, of each loess location 
were stored: 

- name of the loess location 

- description of geographical location 

- coordinates 

- data source 

- structural type 

- granulometry of sediments 

- thickness 

- marker horizons 

- stratigraphical ages 

- fossil content 

Hereby, as much information as possible, preferring the 
latest published data, were extracted and stored. Additional 
data from older publications were added to create complete 
description. Unsure and inaccurate descriptions and sec- 
tions that could not be located were excluded. 

In summary, 639 loess locations were created (Fig. 3). 
Their available attribute data are very heterogeneous, be- 
cause of large differences in quantity and quality of the out- 
crop descriptions. They range from few hints about loess 
outcrops to detailed descriptions with a lot of parameters. 
The reasons are the different publishing dates of the pa- 



pers and the context, in which the outcrops were exam- 
ined (loess, fluvial sediments, deposits, paleontological or 
archeological investigations). In many loess locations some 
parameters or details are missing. Most information was 
available about thickness, less information about the other 
parameters. Sometimes the description is based on incom- 
plete stratigraphy. The loess locations were classified in a 
group of very detailed data (421 locations) and in a group 
of general data (218 locations). 

Secondarily, a polygon layer in the GIS project was cre- 
ated to store the data extracted from the explanations on 
the geological map sheets in scale 1: 25,000. The outline of 
each map sheet was digitized as rectangle (Fig. 3). All loess- 
related information was stored in the related attribute ta- 
ble, including: 

- number of explanatory note 

- publishing year 

- author(s) 

- loess distribution 

- accumulation zones 

- horizontal zones and granulometric boundaries 

- granulometry and vertical sequences 

- morphology of loess cover 

- thickness 

- stratigraphic age 

- fossils 

- cryoturbation features 

From the notes as much information as possible was ex- 
tracted, more recently published explanatory notes were 
preferred. Older notes were checked, additional facts and 
descriptions were added, if available. 

In summary, all available notes were examined and data 
of 152 of them were stored. The notes were published be- 
tween 1876 and 2007 (Fig. 4), therefore amount and quality 
of loess-related data are very heterogeneous. Most publica- 
tions were released in the 1920s and 1930s or between 1960 
and 1985. The older notes released before 1940 give only 
few details on loessic sediments. Aeolian loess and loess 
derivates are not differentiated. Moreover, in the oldest 
prints there is no differentiation between loess and flood- 
plain deposits. Sometimes one note describes two or three 
map sheets. Few map sheets were published without ex- 
planatory note. 

In addition to the layers "loess locations" and "explana- 
tory notes", other layers in the GIS project including digi- 
tized main topographic features (e.g. rivers, cities, geologi- 
cal boundaries) were created. 

Selection of base map 

The accurate distribution of loess and loess-like sediments 
in the study area is a fundamental base for further analy- 
sis of the parameters thickness, granulometry and age. The 
study is not a mapping campaign, so a base map showing a 
realistic loess distribution to work with had to be selected. 
The already mentioned loess maps of Wortmann (1942), 
Muller (1959) and Merkt (1968) and the digital geological 
map (GUK200) were evaluated based on the parameters: 
scale, units, coverage, accuracy and publishing age. The 
result shows that none of them displays a realistic distri- 
bution of loess and loess-like sediments. Reasons are the 
difference in the map coverage and the inaccuracy due to 
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the combination of aeolian loess, loamy loess, soliflucted or 
fluvial reworked loess to one „loess unit". Sometimes even 
younger colluvial or slope sediments were included. 

It is also obvious that the maps based on geological sur- 
veys display a smaller, fragmented loess cover, which was 
caused by the mapping policy before 1960s. Field geologists 
drilled only few 1-m drill-holes per map sheet. They fo- 
cused on the mapping of the bedrock to visualize the com- 
plex geological and tectonic situation, especially in the 
Lower Saxon Hills and the Hesse Highlands. Even when 
the bedrock was only visible in boulders or referred from 
morphological bends, they mapped the bedrock unit in- 
stead of the overlying loose material. 

Luttig (1968) compared the results of different geological 
surveys in 1890-1891, 1948 and 1956/1961 on the the geologi- 
cal map sheet 4325 (GK25). He proved that a more accurate 
distribution of loess is displayed in the latest map only, cov- 
ering much larger areas than in the older maps. From the 
1960s on field geologists drilled much more drill-holes (2 m) 
and tried to map the uppermost geological unit. Most GK 25 
sheets, which are the database of the map of Merkt (1968) 
and GOK200, were mapped before 1960; some are younger 
reprints or revision maps with only little changes. Field geol- 
ogist had no general rule how to map the minimal thickness 
of loess. Therefore, the loess distribution based on the geo- 
logical maps show a minimum loess distribution represent- 
ing a loess cover thicker than 0.5 m, 1 m or 2 m. 

The loess unit of the GUK200 and the loess map of 
Merkt (1968) show a lot of similarities. In few regions, the 
GOK200 shows smaller loess patches. The map of Merkt 
(1968) displays locally a more realistic distribution. The au- 
thor examined not only the published GK25 map sheets, 
but also drafts of modern, unpublished mapping campaigns 
from the archive of the Geological Survey of Lower Saxo- 
ny, resulting in some differences and sharp edges between 
adjacent regions. 

The loess map of Wortmann (1942) displays a larger, 
but also inaccurate loess distribution. The map is based 
on soil survey campaigns. The uppermost geological unit 
has a high influence on the resulting soil. Hence, the soil 
map reflects much more information about the loess and 
loess-related sediments than the underlying hard rocks. 
Comparing this map with the map of Merkt (1968) and the 
GOK200, a much larger area of loess cover becomes obvi- 
ous especially in the uplands. However, the map contains 
loess patches close to the main rivers, where no real loess 
can be found. Possibly Wortmann (1942) combined loess 
and loess derivates with younger flood plain deposits (col- 
luvial loess). 

Although none of the maps shows a realistic loess distri- 
bution, each of them inhibits important details. Therefore, 
the comparison between the geology based maps and the 
soil based map can give additional information. This ap- 
plies especially to thin loess covers in the uplands as re- 
corded by Wortmann (1942). 

However, the GUK200 was selected as main base map for 
the following analysing steps of the study. The map shows 
smaller loess patches than the other maps and is based on an 
unclear minimal loess thickness to be mapped. Nevertheless, 
the map covers the whole investigation area and is the most 
detailed because of its small scale. The map is in a digital 



format, representing the loess and loess-related sediments as 
polygons, to which new information can be added. 

Thickness 

In the GIS project all objects of the layers "loess locations" 
and "explanations" that contain thickness values or thick- 
ness ranges were displayed. Each object was labelled with 
these values or ranges. The loess map of Merkt (1968) was 
used as background. Then all available thickness values 
were explored for their minima, their maxima and their 
typical ranges. 

To define thickness classes for a compiled thickness 
map, some limitations of the data set had to take into ac- 
count. In general, a loess cover has a very wide range of 
thickness values in one area depending on the local mor- 
phology. There is no or only few loess on steep slopes, but 
very much loess on E-facing slopes or in other accumula- 
tion positions. And there are a lot of transitions between 
these extremes. 

For that reason, wide thickness classes covering the typ- 
ical ranges of loess thickness were defined. The main focus 
laid on the maximum values. 

> 0.5 to > 2 m (few data) 

< 3 m 

< 5 m 

< 6 m 

2 - 8 m 

3 - 10 m 
3 -20 m 

The thickness values of all input sources were compared 

and new patches of the same thickness class were outlined. 

The new thickness classes were added to the polygons of 

GOK200. 

The following rules were set for this procedure: 

- If the area was not covered by the map of Merkt 
(1968) and no further information (loess locations, de- 
scriptions) were available, the class "> 0.5 to > 2 m (few 
data)" was selected. 

- The thickness data of the loess map of Merkt (1968) 
were copied, if no further information (loess locations, 
descriptions) were available. 

- The same was done, if the loess locations and the thick- 
ness in the loess map were similar. 

- New thickness patches were outlined, when the loess 
locations showed higher values, than the loess map of 
Merkt (1968). 

The advantage of the method is the combination of differ- 
ent input data. Basal map information from the loess map 
of Merkt (1968) was used and regions with higher loess 
thickness were added. Nevertheless, the loess locations 
with thickness values are not distributed equally. In some 
regions no or few loess locations were reported in the liter- 
ature. Additionally, authors mentioned minimal thickness 
values or combined thickness values of loessic sediments 
and other material in their publications. 

Granulometry 

In the GIS project a query was applied to display all ob- 
jects ("loess locations" and "explanations") with data about 
petrography, grain sizes, and typical sediment sequenc- 
es. The granulometric descriptions of the loess maps of 
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Fig. 5: Thickness map displaying regional thickness ranges of loess and loess-like sediments (including loamy loess, reworked loess, sandy loess, sand-band- 
ed loess and cover sand). (DEM: ASTER GDEM is a product ofMETI and NASA; river network: OpenStreetMap, published under CC-BY-SA 2.0) 

Abb. 5: Mdchtigkeitskarte der regionalen Mdchtigkeitsbereiche von Lossen und loss-dhnlichen Sedimenten (Losslhem, Schwemmloss, Sandloss, Sandstreifen- 
loss, Decksand). (DGM: Globales ASTER-DGM ist ein Produkt von METI und NASA; Flussnetzwerk: OpenStreetMap, veroffentlicht unter CC-BY-SA 2.0) 



Merkt (1968), Wortmann (1942), and the geological map 
(GOK200) were visualized. These input data vary in qual- 
ity and quantity. Some loess locations have detailed grain 
size measurements and grain size curves. In contrast, many 
others have only rough descriptions, the loess maps dis- 
playing only the uppermost loessic sediment in one region. 
As a result, small-scale details were not separated, but a 
general subdivision in a loess cover layer and a basal layer 
was carried out. The cover layer represents the homogene- 
ous upper part of the loess deposits. The underlying basal 
layer can vary widely in thickness, granulometry, pedog- 
enetic overprint, intercalations, and distribution. The cover 
layer was separated into: 

- sandy facies (sandy loess, sand-stripped loess and 
derivates) 

- loessic facies 

- thin or no sandy facies (very thin cover with gaps) 

- thin or no loessic facies (very thin cover with gaps) 
The lower part (base layer) of the loess cover was subdi- 
vided into: 



- unknown base layer 

- mixed layer or stone layer 

- reworked loess 

All regions with the same cover layer and the same base 
layer were outlined. Then, the following combinations of 
these two layers were generated: 

- sandy facies on unknown base layer 

- sandy facies on mixed/ stone layer 

- sandy facies on reworked loess 

- thin or no sandy facies on reworked loess 

- loessic facies on unknown base layer 

- loessic facies on mixed/ stone layer 

- loessic facies on reworked loess 

- thin or no loessic facies over reworked loess 

These granulometric types were attached to the GOK200 
polygons. During the analysis the outline of the new re- 
gions followed the boundaries of the map sheets. In case 
that a map sheet had no information about the base layer, 
the class "unknown base layer" was selected. 
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Fig. 6: Granulometric map of the regional types of cover and base layers. (DEM: ASTER GDEM is a product ofMETI and NASA; river network: OpenStreet- 
Map, published under CC-BY-SA 2.0) 

Abb. 6: Granulometrische Karte der regionalen Typen von Deck- und Basislagen. (DGM: Globales ASTER-DGM ist ein Produkt von METI und NASA; Fluss- 
netzwerh OpenStreetMap, verbffentlicht unter CC-BY-SA 2.0) 



Stratigraphy 

In the GIS project all loess locations with loess age data 
were extracted. The loess age can be estmated on marker 
horizons like paleosols or tephra, archaeological or paleon- 
tological findings, numerical dating or ages assumed by the 
author. The loess ages were displayed as combinations of 
the following symbols representing all horizons that were 
found in the locations: 

- Eltville tephra 

- wj: Upper Weichselian loess 

- wm: Middle Weichselian loess 

- wa: Lower Weichselian loess 

- pW: pre-Weichselian loess 

155 of 639 loess locations contain age information based on 
paleosols or tephra, but they are distributed very irregular- 
ly over the study area. The data reflect ages of the regional 
loess cover and of single loess deposits in special sediment 
traps. Thus, all latter locations were marked to differentiate 
between two accumulation types. The resulting map distri- 
bution of dated outcrops was compared with the thickness 



map (Fig. 5) and the granulometry map (Fig. 6) to outline 
regional loess cover areas of the same age (Fig. 7). 

5 Results and discussion 

Thickness 

The resulting thickness map (Fig. 5) permits a more detailed 
view on loess thickness than the maps of MERKt (1968) or 
Wortmann (1942). Regions with thicknesses below 2.5 m 
are very similar, but a lot of new information about thicker 
loess covers appears. 

The thickness of the loess and loess-related sediments 
ranges between few centimeters and twenty meters. Along 
the northern boundary of the loess belt and in the Borde 
region the loess cover is quite homogeneous with slight 
thickness variations due to exposition. Thickness values 
range from 0.5 to 2.5 m, sometimes up to 3 m. Thicker layers 
of sandy loess, sand-banded loess, or loess were found only 
in some locations with a specific accumulation situation as 
boundary dunes or in cryoturbation structures. 

In the Elm-Asse-Helmstedt region and in the northern 
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parts of the Leine Uplands comparable thickness ranges 
were found. However, morphological ridges clearly influ- 
ence the thickness resulting in an apparent heterogeneity 
between loess-free regions and loess accumulation sites. 

In the central and southern parts of the study area thick- 
ness values show much larger variations. On plateaus or 
plains the loess cover varies between few centimeter and 3 
meters. In shallow depressions and in valleys the regional 
loess thickness can reach up to 4, 5 or 6 m. Loess thickness 
up to 10 or even 20 m occurs only in the large depressions 
(Leine-Ilme Basins and the Westhessian Depression) and 
in some smaller areas along the Werra Valley, the south- 
ernmost tip of the Leine Valley, and in the Southwest Harz 
Foreland. All these regions are influenced by subrosive ac- 
tivities. 

In the uplands loess thickness is strongly influenced by 
the elevation, the steepness, and the aspect of the slopes. 
The thickest loess covers were found on slopes facing to E, 
NE or NW. Slopes in the opposite directions are normally 
bare or have a thinner loess cover. 

Several loess sections with thickness values clearly 
above those of the surrounding regions were found. Most 
of them are trapped in karstification as sinks or dolines. 
Other extreme or untypical thick sections are caused by 
cryoturbation or glacial structures. Some other locations 
like abandoned meanders also have higher thickness val- 
ues. Most likely they contain fluvial reworked loess. 

The highest density of small-scale subrosion features 
were found in the Waldeck Upland, Warburg Borde und 
western part of the Lower Weser Upland. The thickest loess 
deposit (up to 20 m) was found at Albaxen in the Weser 
valley. 

In general, loessic sediments thicker than 3 m occur on- 
ly in valleys, basins, and special sediment-traps related to 
karstification, subrosion or cryoturbation. In all other re- 
gions, the loess thickness varies mainly between few centi- 
metres and 2.5 or 3 m. 

Granulometry 

The resulting granulometry map (Fig. 6) is quite heteroge- 
neous, due to some missing data, but general trends can 
be deduced. Several regions have a sandy cover layer with 
varying amounts of sandy loess, sand-striped loess and 
aeolian loess. 

The main loess region is located along the northern 
boundary of the sandy belt, as visible on the GOK200 and 
described in detail by Gehrt (1989, 1992, 1994, 1998) from 
the Hildesheim-Braunschweig Borde. Authors of the ex- 
planatory notes on the geological map sheets described 
either a sharp boundary between this zone and the aeo- 
lian sediments north of the loess belt or a wide mixing- or 
transition-zone from loess to sandy loess into cover sands 
and drift sands. 

Additionally, a sequence of the sandy facies was mapped 
in the long and narrow upland stripe between the Wie- 
hen Hills and the Ravensburg Hills in the north-eastern 
study area. Here the northern boundary of the loess belts 
bends between the upland and the Westphalian Lowland 
to the Southeast. In regions, where this facies was mapped, 
mostly loess and sand-banded loess were overlain by sandy 
loess. 



Furthermore, the granulometry map (Fig. 6) shows 
large areas covered with sandy loess, sand-banded loess 
and loess within the upland. Most of these deposits with 
a dominant sand content and a more reddish colour were 
found on wide plateaus of Lower Triassic red sandstones 
(Bunter Sandstone) in the South of the study area. 

In contrast to the northern regions, where coarser sedi- 
ments increase to the top, the loess sequences in the up- 
lands have higher sand contents at the base and a fining 
upward trend. 

In some regions with large sandstone outcrops, as Fulda 
Highlands and the Lower Eichsfeld, sandy loess is assumed, 
but only rare data were available from the literature. Most 
significant sources of sandy loess are the river valleys that 
are cut into sandstones. There are many locations where 
sandy loess or even cover sand makes up the main unit. 
The sandy loess facies was also found in the central part of 
the Leine Uplands, the so-called Alfeld Upland. All other 
regions are covered by the typical loess, as evidenced by 
the recent available outcrop descriptions. 

Beside this, the map shows a zoning of the basal layer 
types, although less data about this lower part of the sec- 
tions was found. Along the northern boundary of the loess 
belt, in large parts of the adjacent Borde regions, and in the 
Northwest of the study area a mixed layer or a prominent 
stone layer forms the base of the aeolian sediments. 

In the southern part of the study area the loess facies or 
sandy loess facies is underlain mainly by fluvial or solif- 
lucted, reworked loess. In the Southwest Harz Foreland 
(around Seesen) and in the Waldeck Uplands and Plains the 
reworked loess of the basal layer forms the main part of the 
loess cover. The cover layer is very thin or not existing due 
to the climatic conditions. Already Brosche & Walther 
(1991) mentioned the "wet facies" of the Seesen region. 

Stratigraphy 

The stratigraphic map (Fig. 7) shows a variety of different 
loess ages. Lower and Middle Pleistocene loess-related 
sediments occur in some locations all over the study area. 
However, most loess deposits are of Weichselian age. 

The distribution of the loess ages seems to be quite ir- 
regular, because of the mixture of different accumulation 
sites. One group of loess locations belongs to the typical 
loess cover, e.g. on slopes, on plateaus, in wide basins. The 
other group are the special locations found in different 
sedimentary traps. In most of these traps pre-Weichselian 
sediments were preserved. 

On the contrary, if the dated loess locations are 
examined without these special cases, a zoning of the loess 
ages becomes obvious. Complete Weichselian sequences, 
containing Lower, Middle and Upper Weichselian loess oc- 
cur in the southernmost parts of the study area. Incomplete 
Weichselian sequences, whether Lower and Upper Weich- 
selian loess or Middle and Upper Weichselian loess, were 
reported in some valleys or basins in the central and south- 
ern parts of the study area. Upper Weichselian sequences 
were described all over the study area, but mainly in the 
northern parts. The most complete Upper Weichselian se- 
quences were exposed in the outcrops Elvershausen and 
Einbeck. 

Between the northern boundary of the loess belt and the 
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Fig. 7: Stratigraphic map displaying dated loess locations and typical ages of the regional loess cover (including loess-like sediments). (DEM: ASTER GDEM 
is a product ofMETI and NASA; river network: OpenStreetMap, published under CC-BY-SA 2.0) 

Abb: 7: Stratigraphische Karte der datierten Lossvorkommen und der typischen Alter der regionalen Lossdecke (mit loss-ahnlichen Sedimenten). (DGM: 
Globales ASTER-DGM ist ein Produkt von METI und NASA; Flussnetzwerh OpenStreetMap, veroffentlicht unter CC-BY-SA 2.0) 



northern slopes of the Lower Saxon Hills, predominantly 
Upper Weichselian loess and loess-related sediments were 
preserved. The cover layer consists mainly of sandy or 
loessic sediments without prominent intercalations of oth- 
er sediments, gaps or zones of strong pedogenetic or ero- 
sional overprint. Moreover, in this area the loess thickness 
ranges between few centimetres and 2.5 or 3 m. In wide 
parts, the cover layer is underlain by a distinctive stone or 
mixed layer over periglacial, glacial or fluvioglacial sedi- 
ments. This layer was found in several places and can be 
called a marker horizon. In its fine-grained matrix it may 
contain remnants of older aeolian sediments. However, a 
clear or thick basal layer of reworked aeolian sediment, 
representing older loessic sediments, was not found. In 
conclusion, the regional loess cover in this area was ac- 
cumulated after strong periods of fluvial or solifluidal re- 
working in the Upper Weichselian, because most of the 
older loessic sediments were eroded. 

Similar observations were made by other scientists. 
Vierhuff (1967) postulated that the age of the sandy- 



loess north of the loess belt is of Upper Weichselian age. 
Rohdenburg & Meyer (1966) visualized on their loca- 
tion map a lot of outcrops without marker horizons in 
the northern part of southern Lower Saxony. They inter- 
preted the regional loess cover as an Upper Weichselian 
deposit. Gehrt (1989, 1992, 1994) examined a lot of loess 
sequences in the Braunschweig-Hildesheim Borde, along 
the northern boundary of the loess belt. He postulated that 
the sandy and loessic sediments on top of a mixed or stone 
layer are of Upper Weichselian age. Gehrt (1998) speci- 
fied the age of these sediments as upper Upper Weichselian 
(wj4 to wj5). Lower Upper Weichselian sediments (wjl to 
wj3) were conserved in the base layer. He mentioned that 
units of the same age were mapped west of Hanover in the 
Calenberg Borde. 

Reinecke (2006) determined the age of the loess and 
loess-like sediments of the North Harz Foreland based on 
palaepedological analysis and OSL dating. Moreover, he 
separated the regional loess cover into a lower facies (wjl 
to wj3), which is only accumulated on Northeast-, East- or 
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Northwest-facing slopes, and an overlying regional loess 
unit of wj4 to wj5 age. 

Not only the Borde loess, but also the thin loess cover 
(less than 3 m, containing no marker horizons) in the up- 
land region of the study area may be of similar age. When 
the loess thickness exceeds 2.5 or 3 m in valleys or basins, 
incomplete Weichselian loess sequences become more fre- 
quent. In summary, if the loess is thicker than 2.5 or 3 m, it 
becomes more likely to find loess and loess-like sediments 
of Upper Weichselian and of Middle or Lower Weichelian 
age. 

Complete loess sequences containing Lower, Middle and 
Upper Weichselian loess are more common in the south- 
ernmost part of the study area in the Westhessian Depres- 
sion, due to the geomorphological situation in the wide- 
ranging basin und the weaker erosional overprint. 

Moreover, to the Southwest of the study area an in- 
creasing number of findings of mammal fossils like Equus, 
Cervus elaphus, Rangifer tarandus, Mammuthus primigen- 
ius (Beyrich & Moesta 1876, Grupe 1916b, Horn 1982, 
Becker & Kulick 1999) and loess snails Succinea oblonga, 
Helix bispida, Helix obvoluta, Helix hortensis, Helix pulchel- 
la, Pupa muscorum (Moesta 1876a, Moesta 1891, Moesta 
& Beyschlag 1886D, Grupe 1916B, Lang & Blancken- 
horn 1920, Blanckenhorn 1926, Becker & Kulick 1999) 
were recorded. It can be concluded that the West Hessian 
Depression has the best conditions for loess preservation 
in the study area. 

Various authors gave some remarks about the regional 
ages of the loess cover in the upland (Lower Saxon Hills 
and Hesse Highlands). Ricken & Meyer (1982) wrote that 
in the South Harz Foreland the Eemian soil is quite seldom, 
loess cover starts with Lower Weichselian deposits (soils) 
on Middle Terrace gravel. Feldmann (2002) mentioned that 
the Eemian soil is mainly eroded in the Aller catchment 
area. The age of the loess cover in the Alfeld region was 
estimated by Luttig (1960b) mainly postdating the main 
glacial period. Thus, a Upper Weichselian loess deposition 
is most likely due to the larger deflation area. 

Jordan (1984) found only few relicts of the Eemian 
soil in the Leine valley in sheltered positions. Brosche & 
Walther (1991) postulated that the loess in the Northern 
Harz Foreland is 3 to 5 m thick and of Upper Weichselian 
or Lower Weichselian age. In the Borgentreich region, west 
of the Hessian Depression no Lower or Middle Weichselian 
loess was found, only at the Daseburg and Hofgeismar sec- 
tions. 

Beside this local concepts about loess stratigraphy, Gehrt 
(1998) established a model of regional loess ages in the 
lowlands and uplands. He postulated a regional age of 
the aeolian sediments in the Borde region and along the 
northern loess boundary of wj4 to wj5. On the slopes of 
the southerly adjacent upland also patches of older Weich- 
selian loess (Lower Weichselian to wj3) can be conserved 
above remants of the Eemian soil. These local relicts are 
overlain by the regional Upper Weichselian loess (wj4 to 
wj5). The most complete sections of Weichselian loess can 
be preserved according to his model in upland basins or in 
subrosion basins. 

Based on the local observations and the regional model, 
typical ages of the regional loess ages in the study area 



were outlined (Fig. 7). The resulting map represents large- 
scale zones of loess ages, which are maximum ages and do 
not show local variations. Therefore, the stratigraphic map 
gives an orientation where which type of loess sequences 
might occur. 

Conclusions 

Based on spatial data, which are quite different in publi- 
shing age, amount of information, spatial resolution and 
data type, loess parameters were analyzed. 

A detailed thickness map (Fig. 5), a granulometry map 
(Fig. 6) and a stratigraphy map, displaying dated loess lo- 
cations and regional loess ages (Fig. 7), were compiled. By 
means of this new spatial representation of loess characte- 
ristics, large-scale differences and trends become obvious. 

The local variations of the loess parameters that are not 
displayed on the large-scale maps may be the object of fu- 
ture investigations. In such studies limited areas should be 
selected, which represent different geomorphological re- 
gions (Borde, plateau, plain, valley, basin) and loess cover 
types. There, the local variablility of the loess parameters 
(thickness, granulometry and stratigraphy) can be exam- 
ined in detail. Furthermore, the results might be integrated 
in the regional maps to improve their accuracy. 
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Based on new descriptions of loess-palaeosol profiles, we present a new composite profile for the loess region of Saxony, Germany. 
In addition to former studies of Lieberoth & Haase new stratigraphic marker horizons and palaeosols were added. Concerning 
the so far poorly differentiated Weichselian pleniglacial we identified three palaeosols. A palaeoclimatic interpretation for the last 
glacial (Weichselian) is presented and discussed. 

[Loss-Palaobodenprofile aus dem Sachsischen Losshugelland [Deutschland]] 

Auf der Grundlage von neu aufgenommenen Lossprofilen im sachsischen Losshugelland wird ein Standardprofil fur die Region 
vorgestellt. Den fruheren Arbeiten von Lieberoth & Haase konnten neue stratigraphische Markerhorizonte und Palaoboden 
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loess, palaeosol, palaeoclimate, Weichselian, Saxony, Germany 
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1 Introduction 



The Saxonian Loess Region is situated in the center of Saxo- 
ny, East Germany (Fig. 1) and represents the transition zone 
between the North European Plain and the Central Upland 
(Erzgebirge). In this area of gently rolling hills, a loess cover 
of up to 20 m was accumulated during the last glacial cy- 
cle (Weichselian), intercalated by a number of palaeosols. 
These loess-palaeosol sequences represent an excellent sedi- 
ment archive for reconstructing environmental and climate 
change of the last glacial cycle. 

The first study of loess sediments in Saxony was carried 
out by Pietzsch (1922), dividing the sedimentary record into 
two main parts; one lower part with reworked sandy loess 
sediments and an upper one composed of more or less pure 
loess. In the following years, studies were focused on loess 
distribution and on the general composition of loess and 
loess-like sediments (Grahmann, 1925). In a first approach 
Gallwitz (1937) described a section close to the Elbe river, 
where he was able to distinguish several loess layers with 
intercalated levels of ice wedges and reworked loess. Grah- 
mann (1932) published the first map of loess distribution in 
Europe. 

Since 1950 the loess in Saxony was subject of intense 
palaeopedologic and stratigraphic investigation. Based on 
several sections Lieberoth built up a stratigraphy, which 
is accepted until now (Lieberoth 1959, 1962a, 1963, 1964a, 
1964b). Later on Haase (1963, 1968) and Neumeister (1966) 
worked on geomorphic features of the northern loess bound- 
ary (Lossrandstufe). At this time, the loess research of East- 
ern Germany was summarized by Gellert (1965) and Rich- 



ter et al. (1970). Since then, only a few articles were pub- 
lished (Altermann et al. 1978; Biering & Fruhauf 1999; 
Meng 2003; Zoeller et al. 2004; Koch & Neumeister 2005). 
A systematic approach with further results is still lacking. 

In the present study the existing results are summarized 
in respect to the Saxonian loess stratigraphy and improved 
by new findings to broaden our knowledge of loess-palae- 
osol sequences in Saxony. As most sections mentioned be- 
fore are inaccessible today, new sections had to bee opened 
for this study. Due to the fact that loess-palaeosol sequences 
of Saxony represent an important link between the Western 
European loess records formed under moister conditions and 
the Bohemian loess records formed under more continen- 
tal conditions, the Saxonian Loess Region provides valuable 
information about the palaeoclimate change in this transi- 
tional zone. 

1.2 Geographical setting 

The Saxonian Loess Region is situated in East Germany, west 
of the city of Dresden and characterized by gently rolling 
hills, covered by up to 20 m thick loess accumulations (Fig 
1). The landscape is dissected by small rivers incised into the 
loess cover down to the bedrock (Granite of Meissen). The 
loess was deposited in the foreland of the Erzgebirge, form- 
ing a plateau-like topography, representing the so-called 
"Saxonian Loess Plateau". Surrounded by deep incised val- 
leys of the Elbe and the Mulde River the landscape is and 
was endangered by soil erosion processes even in former 
times. 
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Fig. 1: Map showing study area and distribution of loess (>3 m thickness). 

Abb. 1: Die Karte zeigt die untersuchten Profile und Lossverbreitung (machtiger als 3 m) im Arbeitsgebiet. 



In the Early to Middle Pleistocene the study area was cov- 
ered by the ice shield of the "Elster Glaciation". From the 
First Saalian Glaciation glacial deposits are described by 
Eissmann (1994). These deposits were reworked and en- 
riched by loess deposits of the Late Saalian Glaciation 
(Warthe), which evidence that the Late Saalian ice advance 
stopped some kilometres further north. The last period of 
loess accumulation took place during the Weichselian Gla- 
ciation. 

The fertile soils, formed during late Pleistocene and Ho- 
locene, were cultivated by early farmers around 7500 BP (cf. 
Oexle 2000). Today the landscape is characterized by vary- 
ing soil patterns showing a mosaic of truncated luvisols of 
different stages owing to extended agricultural activity. The 
valley bottoms are filled by colluvial material up to 4 m 
thick. Some strongly eroded hill slopes show that the under- 
lying calcareous loess is already at the surface and is mixed 
into the soil by modern ploughing. In positions of little ero- 
sion we assume a deepness of decalcified loess due to soil 
formation of about 1.8 m. We conclude that at some places 
more than 2 m of soil was eroded. 

Today the mean annual temperature is about 8.8°C, as 
determined in a nearby climate station (Dobeln). The mean 
annual precipitation is about 600 mm with it's maximum in 
summer. 



2 Methods 



Field Work 

In order to select the locations for detailed field work and 
profile description, the study area was investigated using 
aerial and satellite images. After deciding to open seven 
new sections, field work included cleaning, drawings, and 
sampling of each profile. The samples were taken in respect 
to the layering of the section. Some sections were sampled 
equidistant with a 2 cm resolution. Standard sedimentologi- 
cal and pedological analyses like granulometry, pH value, 
carbonate content, soil organic matter, and content of sev- 
eral iron compounds were conducted in the laboratory of 
the Institute of Geography (Dresden University of Technolo- 
gy). During field work we already established a preliminary 
litho- and pedostratigraphy with focus on the identification 
of loess-palaeosol complexes. Magnetic susceptibility was 
measured in SI units in the field with a portable Bartington 
MS2 susceptibility meter. For this purpose we chose an inter- 
val of less than 5 cm. Commonly, three measurements were 
averaged (cf. Dearing, 1999). 

Sedimentology 

At the Institute of Geography (Dresden), soil textures were 
analysed. Bulk sample (10 g) was mixed with 25 ml dispers- 
ing solution (sodium hexametaphosphate: (NaP0 3 ) 6 - 39 g/1 
H 2 0) and 200 ml H 2 0. After rotating the suspension for at 
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least 2 h it was stored for 12 h for complete dispersion. The 
grain-size measurements of the sand fraction were carried 
out by means of the wet sieve technique (2.0-0.63 mm: coarse 
sand; 0.63-0.2 mm: medium sand; 0.2-0.125 mm: fine sand; 
0.125-0.063 mm: finest sand). Coarse silt (0.063-0.02 mm), 
medium silt (0.02-0.0063 mm), fine silt (0.0063-0.002 mm) 
and clay (<0.002 mm) were measured by pipette analyses 
(Schlichting et al., 1995). 

The carbonate content was determined by C0 2 gas volume. 
Soil samples were added with hydrochloric acid in a closed 
system, and the resulting C0 2 gas volume was measured by 
a Scheibler apparatus (cf. Schlichting et al, 1995). The soil 
organic matter (SOM) was determined by oxidation with 
K 2 Cr 2 7 in a concentrated H 2 S0 4 medium and measurement 
of absorbance at 590 nm (cf. Schlichting et al, 1995). The pH 
value was determined in a 1:2.5 soil/solution ratio in 25 ml 
0.01 M CaCl 2 (cf. Schlichting et al). After 30 min stirring 
the suspension, the pH value was measured. 

For extracting the pedogenic iron compound (Fe d ), soil sam- 
ples were deferrated by the bicarbonate-buffered dithionite- 
citrate procedure (cf. Schlichting et al., 1995). To determine 
the total iron content (Fe t ), 100 mg soil material was digested 
with 2 ml concentrated nitric acid (HN0 3 ) and 2 ml concen- 
trated hydrofluoric acid (HF) using steam autoclaves. The 
amounts of pedogenic (Fe d ) and total (Fe t ) iron were measured 
using an atomic absorption spectrometer. 

Mollusk analyses 

The mollusk analyses were carried out by Hamann (2010 un- 
pub.). Samples of about 10 to 15 kg were taken, sieved (200 or 



400 \im mesh size) and washed to extract the mollusk shells, 
which were counted and identified. The species were classi- 
fied according to Lozek (1964). 

IRSL Dating 

Samples for IRSL dating were taken using steel cylinders, 
hammered into the cleaned loess section to avoid any con- 
tamination of the samples with light-exposed material. Sam- 
ple preparation was performed under subdued red light (640 
± 20 nm), using the polymineral fine-grain fraction (4-11 |_im) 
for luminescence measurements. 

The equivalent dose (De) was determined applying a multi- 
ple aliquot additive dose protocol. To construct a saturating 
exponential growth curve for De determination, 10 natural 
aliquots and six groups of artificially irradiated aliquots (five 
each) were used. Artificial irradiation was carried out with a 
90 S/ 90 Y b-source (9.9 Gy/min). During IR stimulation (880 nm 
± 80 nm), the shine-down curves were measured for 60 s at 
room temperature after a preheat at 220°C for 300 s and using 
a detection filter combination of BG39, 2 x BG3 and GG400 
(390-450 nm). Before IRSL measurements, the samples were 
stored (room temperature) for a minimum of one month af- 
ter artificial irradiation. Finally, the Dewas calculated from 
the 0-40 s signal integral after subtracting the 'late light' sig- 
nal of the 55-60 s integral (Aitken & Xie 1992). In addition, 
an extra set of aliquots was used to test for anomalous fading 
and to determine the a-efficiency (a- value) of the measured 
material. No anomalous fading was detected. Dose rates 
were obtained using low-level y-spectrometry and conver- 
sion factors given by Adamiec & Aitken (1998). 
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Fig. 2: Profile Leippen with geochemical results. 

Abb. 2: Profit Leippen rn.it den dazugehorigen geochemichen Analyseergebnissen. 
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Fig. 3: Big ice wedges at the section Leippen (photo is upside down). 

Abb. 3: Mdchtige Eiskeilpseudomorphose im Profil Leippen (Foto steht auf 
dem Kopf). 

3 Results 

3.1 Section Leippen [Tab. 1; Fig. 2) 

Due to roadcuts close to the village of Leippen (GK R 459345 
H 566726) this section was open in summer 2005. A detailed 
description is given in Tab. 1. In general the section could be 
subdivided into four units, beginning at the top with a dark- 
ish decalcified part in which the Holocene soil is developed. 
The decalcification boundary at about 2 m is the lowermost 
limit of this unit. The underlying calcareous loess is char- 
acterized by a light yellowish colour and a typical porous 
fabric. This unit is composed of pure loess and resorted loess 
derivates wherein some darkish or reddish parts could be 
detected and are seen as interstadial soil features. During 
the deposition of this unit huge ice wedges were formed 
reaching even into the subjacent unit (Fig. 3). 

The unit beneath is dominated by solifluction processes 
which generated different smaller layers. The whole unit 
shows markedly stronger colouring. The base is composed 
of material which seems to have undergone strong soil re- 
deposition. The lowest unit is subdivided into two parts. 
The upper part shows a strong lamination with platy fabric 
including sandy bands indicating abluation processes; the 
lower part is less laminated and has a weaker structure. We 
assume that the lowest unit is already composed of Saalian 
deposits. A sample from the lower part of layer 18 shows 
an IRSL-age of 139 +/- 14 ka. Combining this IRSL-age with 
the increase of clay and sand in layer 16 and 17 and the 
increase of Fe-ratio we suspect a significant hiatus in this 



section. This hiatus is result of an erosion phase which hits 
the Eemian soil and the Early Weichelian deposits. 

The geochemical analyses (Fig. 2) support the division 
into these units. 

3.2 Section Seilitz [Tab. 2; Fig. 4] 

The section is located close to the village of Seilitz (GK 
R 5388260, H 5673750) in a kaolin pit 1.5 km southwest of 
the recent course of the river Elbe. A detailed description 
is given in Tab. 2. The loess record covers a thick kaolin 
horizon derived from strong alteration processes of the 
monzodiorite. In between, a small sandy gravel layer is de- 
veloped which is interpreted as remnants of moraine ma- 
terial of Saalian age. This stratigraphical situation makes 
a Weichselian loess deposition most likely. Following the 
different features within the whole loess section we pro- 
pose to subdivide the Weichselian loess deposits into three 
units. According to the Leippen section the uppermost unit, 
a decalcified loess, correlates to the late Weichselian with 
the recent soil at the top. The following unit is about 5 m 
thick and contains several interstadial soils with the upper 
soil showing strong hydromorphic features (Fig. 4; layer 5 
and 6). A dark grey horizon (layer 10) is seen as the strong- 
est palaeosol-(sediment) in this section. The lower brown- 
ish palaeosol forms layer 12. The lower unit III is character- 
ized by layers indicating strong solifluction, which are also 
recognizable at the section of Leippen (Fig. 5). Geochemi- 
cal analyses such as the increased content of sand and clay 
(Fig. 4) show congruent results. For example the dark grey 
horizon (layer 10) shows enrichment of carbonate and of 
SOM. The pH-value marks the carbonate free parts of the 
Holocene soil development and fits well with the analyses 
of the carbonate content. 

3.3 Section Zehren [Tab. 3; Fig. 6) 

The Zehren section (GK R 4597625 H 5675325) is situated 
about 1.5 km to the north of Seilitz section. Tab. 3 contains 
a summarized description. At the top of the section a weak 
humic calcareous horizon is developed which indicates 
strong erosion processes in former times. We assume that 
at least 2 m of soil and loess material is lacking. Therefore 
the described unit from the top of section Seilitz and Leip- 
pen is not preserved in section Zehren. At about 3 m depth 
we detected a notable humic horizon with remarkable dark 
grayish colouring (layer 9) which has not been described 
in former studies. The main features of this horizon are 
the strong colour and the distinct lower and upper bound- 
ary. The base of this unit (layer 20) marks the boundary 
between loess and loess sediment (Fig. 6). From a depth of 
7 m (layer 21) the section is composed of strongly reworked 
loess derivates up to a depth of 11 m. Considering the fact 
that at the top of this section 2 m of loess are missing we 
believe that this sections represents the thickest loess ac- 
cumulation of the study area. 

3.4 Section Ostrau [Tab. 4; Fig. 7] 

This section is situated close to the town of Ostrau (GK 
R 4582462 H 5675008) in a limestone pit of the Ostrauer 
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Kalkwerke GmbH and contains the most complete Weich- 
selian loess sequence including the last interglacial palae- 
osol (Eemian). Tab. 4 shows a detailed description of section 
Ostrau. According to the sections of Leippen and Seilitz we 
are able to subdivide the sequence from section Ostrau into 
three upper units as well. As the section reaches into the 
last interglacial palaeosol, we added a fourth unit at the 
bottom of this section. From the top we observe the typi- 
cal sequence starting with decalcified loess which includes 
the first three layers (Fig. 7). Unit II starts with layer 4 and 
ends at about 5 m depth with layer 8. In layer 5, a slightly 
reworked but strong soil is developed which we correlate 



with the strong soil at section Zehren (Fig. 6, layer 9). This 
soil formed after a stronger phase of reorganization of the 
surface as evidenced by deep gullies which are filled up 
(layer 5). A detailed draft (Fig. 8) of the upper part of the 
section shows the incision into layer 6. 

The lowermost unit begins with layer 9 in which big ice 
wedges could be observed. Stratigraphically they belong 
to layer 8 (unit II). The lowermost unit III is composed of 
several derived loess layers and soil sediments indicating 
several environmental changes during this time. The grey 
solifluction layer (11) and the reddish loam (layer 12) mark 
the boundary between unit III and unit IV. 



Tab. 1: Description of section Leippen. 
Tab. 1: Profilbeschreibung Leippen. 



Layer 


Label 


Description 


1 


Ap 


humic dark horizon with a clear lower boundary 


2 


Bt 


reddish brown clay enriched compact loam, weak pinprick structure and sporadically hydromorphic features [rust 
stains] 


3 


Bt+Cv 


less clay than layer 2, oval bleached patches [diameter 5mm], pinpricks 


4 


LFZ 


lamellar line-like structure between brownish clay-enriched [10Y5/6] and yellowish coarse silt [10Y6/4] 


5 


Bv 


homogeneous light brownish grey, non calcareous silt, typical loosely packed loess structure with sporadic fine 
Manganese concretions, old backfilled earthworm burrows 


6 


NB 


bedded light greyish calcareous loess with iron hydroxide lines, undulated lower boundary, old backfilled earthworm 
burrows [current term in work: bio-traces] 


7 


fAh 


pale slightly dark loess 


8 


fAh/fBv 


brown greyish homogeneous loess with pseudomycelia and sporadic big Mn-stains, 


9 




slight lamellar structure, light brown, big Mn-stains 


10 


fAh/fBv 


brown greyish homogeneous loess with pseudomycelia, undulating lower limit 






laminated loess with big Manganese stains 


11 


fAh/fBv? 


pale dark homogeneous loamy loess 


12 


NB 


grey brownish loam with a typical iron-oxide grid 


13 




loamy, brown greyish loess derivate, numerous Mn-concretions [solifluction layer] 


m 




loam, grey, brown with some little stones 


15 


fBv 


[soil sediment] stony [pebbles] layer, dark grey brown, numerous Mn-concretions, dense layering 


IB 


fG 


bleached grey layer with rosty tubes, hydromorphic features 


17 


fBv 


reddish sandy material with cryoturbation features, parts with microstructure 


18 




clearly laminated material with sandy, loamy and silty layers [10YR5/6, 5/4, 6/8, 5/6], platy microstructure 


19 


fG 


grey-[light purple]-bleached loam 


20 


NB/fG 


grey-[light purple]-bleached loam, iron-oxides 


21 




Manganese enriched loam 


22 




thin layer of sand 


23 


fG 


grey-[light purple]-bleached loam 


24 


fBv 


[soil sediment] clay enriched, reddish brown soil sediment 


25 




yellowish loess 


26 


fG 


grey-[light purple]-bleached loam 


27 


fBv 


[soil sediment] stained silt, grey brown yellowish 
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Fig. 4: Profile Seilitz with geochemical results. 

Abb. 4: Profil Seilitz mit den dazugehorigen geochemichen Analyseergebnissen. 
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Fig. 5: Lower part of the section Seilitz (Nr.9: filled ice wedge). 

Abb. 5: Der untere Wandabschnitt im Profil Seilitz (Nr. 9: Eiskeilpseudomorphose). 
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Tab. 2: Description of section Seilitz. 

Tab. 2: Profllbeschreibung Seilitz. NB = Nafiboden 



Layer 


Label 


Description 


1 


Bvt 


brown illuvial horizon with weak hydromorphic features, in the lower part prismatic structure 


2 


LFZ 


a very typical expression of lenticular horizon!; lamellar line-like structure between brownish clay-enriched and yellowish 
coarse silt pores increasing with depth 


3 


Bv 


light brown homogeneous horizon, decalcified, some fine pores 


4 


Cc 


light yellow calcareous loess; bio-traces, small Mn-concretions, 


5 


NB 


Concentric iron oxide rings around root channels, pseudomycelia, bleached grey stains, scattered fine pores 


6 


NB 


light brown loess, diffuse iron oxide patches, pseudomycelia, small Mn-concretions, stained, 


7 




loess 


8 




reddish loess [fine dispersed iron oxides] 


9 




weak linear iron oxides on a pale matrix, calcareous nodules, lower limit marked by a strong line of iron oxides 


10 


NB 


calcareous nodules, dark grey, many fine pores, loamy, 10% calcium carbonate, molluscs, soil structure, iron oxide stains, 
clearly limited, undulating lower boundary 


11 




bedded loess derivate with calcareous nodules and small Mn-concretions 


12 


fBv 


no stratified loess, homogenous material, small globules of iron oxides, greyish brown colour, many pseudomycelia, 
undulating lower boundary 


13 




stratified material, hydromorphic features 


m 


NB 


iron oxides diagonally ruled, big Mn-stains in the lower part 


15 




stratified loess derivates, strong reworked material 


16 


fCcv 


some calcareous nodules, sporadically little stones 


17 




massive slight pale yellow calcareous loess with fine iron oxide bands 


18 




loess derivate with many Mn- and iron oxide concretions 


19 




grey brownish loam, bands of iron oxides and small calcareous concretions 


20 


fG 


grey, bleached material, locally patches of turguoise clay, bottle-like iron oxide concretions [often formed like a sugar 
loaf] 


21 


[fBv] 


[soil sediment] reddish brown loam, compact bedding, sometimes with weak platy microstructure 


22 




very massive layer, many stones, grey matrix with interfacial skins of iron oxides 



Tab. 3: Description of section Zehren. 
Tab. 3: Profllbeschreibung Zehren. 



Layer 


Label 


Description 


1 


Ap 


calcareous humic dark grey plough horizon 


2 




calcareous light yellow loess 


3 


NB 


carbonate enrichment, some light grey bleached stains, patches and bands of iron oxides, biotraces 


4 




loess with calcareous nodules 


5 


fBvc 


light brown yellowish loess, the upper boundary is marked by clearly visible and shredded layer of yellow material, 


6 




band of iron oxides on a grey yellowish bleached matrix 


7 




light brown yellowish loess, lower boundary is also marked by a shredded layer, pseudomycelia 


8 




loess with a fine layer of bleached patches, some pseudomycelia and iron oxides stains in the lower part 


9 


NB 


dark grey loamy material, clear lower and upper boundary, some iron oxides and a very fine angular structure, 


10 




stains of iron oxide, bleached root channels 
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11 




laminated loess with biotraces, in the lower part Mn-concretions 


12 


fBvc 


light brown greyish material [not laminated!], small nodules of iron oxides 


13 




laminated loess with microcryoturbation 


m 


fBvc 


brown greyish homogeneous material iron and Mn-concretions, pseudomycelia, biotraces, clear iron oxide bands on the 
lower boundary 


15 




loess 


IB 


NB 


lightly grey bleached loess with iron oxide stains, clearly band of iron oxide 


17 




material showing weak lamination 


18 




light brown colouring 


19 




weakly laminated loess derivates 


20 




loess with distinct lamination and some iron oxides stains in the lower part, cryoturbation features 


21 


fS/Bv 


brownish grey loam with iron oxide grid, big Mn-patches, 



Tab. 4: Description of section Ostrau. 
Tab. 4: Profilbeschreibung Ostrau. 



Layer 


Label 


Description 


1 


Bt 


lower part of truncated Bt-horizon of the Holocene Luvisol, spare hydromorphic features [iron oxide stains] 


2 


LFZ 


short brown bands of loamy clayish material alternating with pale yellow loessic stains [lenticular horizon] 


3 


Bv 


homogeneous pale brown material, some diffuse cloud-like Mn-stains 


*\ 


NB [Nassboden 
[germ] ~ Gelic 
Gleysol] 


typical microstructure of loess, slightly brown colour, some parts show pale dark discolouration when the 
surface is drying; these discolourated parts look like filled earthworm burrows [current work determination: 
bio-traps], sporadic Mn-concretions 


5 


NB 


dark grey bleached loamy material with rust stains and a clear microstructure [rough section surface after 
preparation], CaC0 3 -concretions make crunching noise when cleaning the section, calcareous nodules 
horizontally bedded 


6 




laminated loess derivate, sparely iron oxides stains 


7 


fBv 


light dark, pale brown [slightly purplish] colour; calcareous nodules, very distinct lower and upper boundary 

[undulating], 

rust stains, pseudomycelia, Mn-concretions; cryoturbation features 


8 




laminated loess derivate, in the lower part big Mn-stains 






stronger reworked material - clear changes in texture 


9 


fS/Bv 


thick layer; brown, slightly reddish [10YR6/4]; in the upper part stains of iron oxides [leopard skin-like], in 
the lower part increase of bleaching and iron oxides, fissures are lined with iron oxides skins, sporadically 
pseudomycelia; loamy, mixed with coarse fragments 


10 




bright yellow silt, without any features of pedogenesis, filled ice wedge 


11 




clear boundary, grey matrix [10YR5/4] with fragments of reddish brown clayic material, relative high content 
of coarse material and calcareous concretions, solifluction features 


12 


reworked Bt 


dark yellowish [reddish] brown [10YR4/4] loam, sporadically angular structure, in the lower part strong 
hydromorphic features [grey bleached] 


13 


HZ 


dark pale grey brown silt [mottles], least compacted 


m 


fS[e]w 


conspicuous bright grey material; loose structure; charcoal; big fibril Mn-concretions 


15 


fSw/Bt 


mottled yellow reddish orange horizon, bleached grey root channels subangular structure, in-situ Bt-horizon 
of a Luvisol with hydromorphic features 






buried stone layer 


17 




sand with clay coatings and a prismatic structure, intense reddish colour 



HZ - Humuszone (humic horizon) 



SH 
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Fig. 6: Profile Zehren with geochemical results. 

Abb. 6: Profil Zehren mit den dazugehorigen geochemichen Analyseergebnissen. 
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Fig. 7: Profile Ostrau with geochemical results. 

Abb. 7: Profil Ostrau mit den dazugehorigen geochemichen Analyseergebnissen. 
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(Lamellenfleckenzone) 



MJ loess with bio-traps (net of filled earthworm q<^ pseudomycelia 

burrows) and a weak Gleysol pedogenesis 



(5) strong Gelic Gleysol (maybe split?), 
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Mn-concretion 



/ ^ bio-traps 



<9 calcareous nodules 
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laminated loess derivate, 

in parts stressed due to cryoturbation 



♦ Mn-stains 



Fig. 8: Detailed draft of the upper part of section Ostrau. 

Abb. 8: Detailzeichung des oberen Teils der Abbauwand im Profit Ostrau. 

Tab. 5: Description of section Zschaitz. 
Tab. 5: Profilbeschreibung Zschaitz. 



Layer 


Label 


Description 


1 


Bt 


reddish brown clay enriched compact loam, weak pinprick structure and sporadically hydromorphic features [rust 
stains] 


2 


LFZ 


lamellar lined structure between brownish clay-enriched and yellowish coarse silt; in the upper part large and in the 
lower part narrow bedding, lenticular horizon 


3 


Bv 


homogeneous light brownish grey, non calcareous silt, loose loess structure; several dark greyish curved structures 
[banana-like] crossing the boundary into the calcareous loess; boundary between non-calcareous and calcareous 
loess 


H 


NB 


grey material, hydromorphic features, undulated lower limit 


5 




laminated material with small frost cracks 


B 


fBv 


platy structure, Mn-concretions, pale grey-brown 


7 




loess 


8 


fBv 


Mn-concretions, pale grey-brown 


8a 




slightly reworked loess, laminated 


9 


NBfBv/fG? 


homogeneous greyish material; increase content of fine to medium silt and clay; deoxidation in the lowest part of 
this layer 


10 


fBv 


brown loessic material with fine dispersed iron-oxides 


11 




light yellow greenish layer with fibered Mn- [2-5mm] and iron-oxide concretions 


12 


fG 


grey, bleached material, locally patches of turguoise clay, bottle-like iron oxide concretions 


13 


Bt 
reworked 


reddish layer with high content of clay; constant thickness; microstructure; the lower limit is marked by a crusted 
band of iron oxide; nearly no Mn-concretions; thin horizontal patches of bleached material 


m 


fBt-Sd 


brown reddish, slightly purple material; well developed microstructure; bleached root channel, ice wedges are filled 
with fBt-Sd-material 
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15 


NfBtSd 


variocoloured horizon, orange reddish and grey parts, many stones, grey bleached channels 


IB 




very coarse material, many stones 


17 




gravel from a palaeochannel of the Freiberger Mulde river 



Tab.6: Description of section Klipphausen. 
Tab. 6: Profilbeschreibung Klipphausen. 



Layer 


Label 


Description 


1 


Bt/Sd 


checkered loam with clay filled root channels; bleached clay 


2 




yellowish loam with numerous Mn-concretions 


3 




deoxidized greyish loam with bottle-like iron-oxide structures 


H 




reddish, grey-brown clayish loam 


5 




loessic laminated silty loam, platy microstructure 


B 




homogeneous brown clayish loam, compacted 


7 




light grey loam; in the upper part some patches of iron-oxide; the lower limit is marked by crusted band of iron oxides 


8 




silty loam, yellow matrix with rusty coatings 


9 




sandy loam with grey bleached patches in a reddisch oxidized matrix 


10 




bedded sand, upper limit is marked by a distinctive Mn-band 



-7__ u -J.., granulometry [%] pH-value CaC0 3 organic matter [%] Fe (d) /Fe (t) 
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Fig. 9: Profile Zschaitz with geochemical results. 

Abb. 9: Profil Zschaitz mit den dazugehbrigen geochemichen Analyseergebnissen. 
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Fig. 10: Section Klipphausen (contrary hachures to fig. 16 in layer 6-10'.: 6 - clayic loam; 7 - light grey loam; 8 - silty loam; 9 - sandy loam; 10 - bedded sand). 

Abb. 10: Profil Klipphausen (von derLegende (Abb. 16) abweichende Schraffuren in Schicht 6-101: 6 - toniger Lehm; 7 - hellgrauer Lehm; 8 - schluffiger 
Lehm; 9 - sandiger Lehm; 10 - geschichteter Sand). 

Tab. 7: Description of section Gleina. 
Tab. 7: Profilbeschreibung Gleina. 



Layer 


Label 


Description 


1 


Bt 


lower part of the truncated Bt-horizon 


2 


LFZ 


lenticular horizon 


3 


Bv 


homogeneous pale brown decalcified horizon 


H 




bleached stains [root channels], biotraps, at the lower part slightly brown with Mn-stains 


5 


NB 


high porosity, many bleached stains, bright orange iron oxide rings around filled root channels 






loess with many iron hydroxide stains 


6 


NB 


many small calcic nodules [Loesskindl]; bleached, the lower part shows many Mn-dots 






loess, scattered small Mn-concretions, scarcely iron hydroxide stains 


7 


NB 


calcareous nodules, strong bleaching; scattered rust stains, platy structure, clear boundaries 


8 




laminated loess derivate, loose density 


9 


NB 


weak bleaching; homogeneous [not laminated], iron hydroxide stains, pseudomycelia 


10 




laminated material with small frost cracks, loess derivates 


11 


fBv 


homogeneuos, diffuse distributed iron hydroxide stains, pseudomycelia; loamy, weak structure, many pores 


12 




weak laminated material with features of cryoturbation stress 


13 


fBv 


pseudomycelia; no lamination, gathering of Mn-stains, small iron hydroxide concretions 


m 




upper boundary is marked by some slightly yellow undulating and thin layers of loess material, distort layers, 
big Mn-stains, small frost cracks 
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15 




transition zone between weakly modified and strongly reworked loess, 

above: many oval Mn-stains 

beneath: bigger Mn-stains, compact structure, loamy, typical iron oxide grid [leopard skin-like] 






increasing of medium and fine silt with depth, big Mn-stains with diffuse boundaries 


IB 




Mn-stains and calcareous nodules, location of big [15cm] horizontal bedded calcareous nodules 


17 




increasing clay content with depth, scattered iron hydroxide stains, in the depth of 10.30 m gradual increase 
of carbonate, small admixture of coarse fragments; the lowest part is represented by a brown greyish 
clayish layer 


18 


fG 


non calcareous, intense bleached, grey horizon [10BG 6/1]; the lower boundary is marked by intense lines of 
iron hydroxides 


19 


fBv 


reddish brown horizon, platy structure, bands of iron hydroxide that end abruptly at the upper boundary 


20 




gradually decrease of carbonate, bedded structure with embedded sandy lenses 


21 


HZ 


dark pale grey brown silt, least compacted 


22 


fS[e]w reworked 


bright grey bleached material, weak coherence, big Mn-concretions [0.5-1 cm] often with fibril structure; 
charcoal! 


23 


NfS[e]w 


intense mottles of reddish brown iron hydroxides, most parts are bleached, subangular structure; 


24 


fBtSd 


intense bleached root channels, clearly subangular structure, decrease of colouring, in the lower part more 
reddish, more darkish at the top 


25 


1 If Bt [Sand] 

NlfG [silt] 


mixed layer with reddish clay and light gray silt 


26 




light ochre sand 



Of particular interest is the humic horizon in layer 13 and 
the bleached lower part rich in charcoal remnants (layer 
14). In Ostrau this stratigraphically lowest unit is composed 
of Saalian deposits in which two in situ horizons were 
formed (Eemian soil; layer 15/16). 

3.5 Section Zschaitz [Tab. 5; Fig. 9) 

At the Zschaitz section deposits of an ancient river branch 
of the Mulde river (Eissmann, 1964) are exposed in a grav- 
el pit (GK R 4580416 H 5669191). These fluvial deposits are 
covered by loess sediments of two glacials. Four units could 
be identified in this section. Details are given in Tab. 5. Unit 
I is composed of decalcified sediment layers which could 
be correlated with almost all the other sections described 
in the present study. The lower boundary of this unit is 
marked by the boundary of the decalcified layer into the 
calcareous loess. Unit II is not as distinct as in the other 
sections and composed of the layers 4 to 8a. Unit III con- 
tains several soil sediments and solifluction layers. Its 
boundary to unit IV is distinct and clear. Unit IV has on its 
top remnants of the last interglacial soil. The deeper part 
shows big ice wedges and strongly reworked loess deri- 
vates with little gravel content. Within this deepest layer 
(16) close to the contact to the gravel deposits (layer 17) 
some artifacts (small bifaces) were found but have not been 
investigated yet. 

3.6 Section Klipphausen (Tab. 6; Fig. 10) 

This section is situated close to the village of Klipphausen 
(GK R 4605947 H 5660667). It is not accessible anymore be- 
cause it existed only for a short period of time during house 
construction. The section Klipphausen is characterized by 
an additional pattern, not identified in the above described 



sections. The material of the upper three meters is loamy 
(20%-60% clay; fine and medium silt) and show a low pH- 
value. This is due to the fact that this section is located in 
the southern part of the study area close to the connect- 
ing slope into the southern mountain range (Erzgebirge). It 
is a typical position for the transition zone from the loess 
plateau with eolian dominated processes into the mountain 
landscape which was dominated by solifluction processes. 
The section is composed of different layers including loess 
derivates and solifluction layers. We only see similarities ac- 
cording to the other sections in the upper part of this se- 
quence. There, gleyic features are found in a loess derivate 
(layer 3) which we correlate with layer 16 of the Leippen 
section (Fig. 2) and layer 20 of the Seilitz section (Fig. 4). 

3.7. Section Gleina [Tab. 7; Fig. 11) 

The Gleina section is located at the northern loess boundary 
(Lossrandstufe) at the western edge of the village Gleina (GK 
R 4586889 H 5678057). This former brickyard is the type lo- 
cality for the so called "Gleinaer Bodenkomplex" which is an 
interstadial soil complex (Lieberoth & Haase, 1964). 

The Gleina section was reopened by us in 2009. Fig. 11 
shows the main stratigraphical units. The thick loess se- 
quence of Gleina has comparable units which correlate 
well with the previously described profiles. The four impor- 
tant units already described are present in this section. The 
section also shows the "Gleinaer Bodenkomplex", which is 
easy to identify because of its intense colour changes from 
gray to reddish. In addition, this soil complex is charac- 
terized by its decalcified horizon between the top of the 
complex and the following interglacial soil below. How- 
ever, in all the other sections, there is no clear evidence of 
this complex. 
According to Neumeister (1966) who reported the thickest 
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Fig. 11: Profile Gleina with geochemical results. 

Abb. 11: Profil Gleina mit den dazugehorigen geochemichen Analyseergebnissen. 



Weichselian loess layers in the northern boundary (Loss- 
randstufe) our findings show a similar pattern. The north- 
ernmost sections (Gleina and Zehren) show the thickest, 
and in the case of Gleina most complete Weichselian loess 
deposits. In contrast, the section Klipphausen, situated at 
the southern boundary of the loess plateau, shows only 
Weichselian loess deposits of 3 m thickness. 

4 Interpretation and discussion 

The main lithological and pedogenical features of all stud- 
ied sections are used to establish a standard loess-palaeo- 
sol profile for the Saxonian loess region. In five sections 
(Leippen, Seilitz, Ostrau, Zschaitz, Gleina) the uppermost 
2 m look almost similar. The material is decalcified and in 
the uppermost part a luvisol was formed during the Ho- 
locene. Below a well-developed Btv-horizon a lenticular 
horizon ("Lamellenfleckenzone" after Lieberoth, 1959) can 
be observed in all sequences. In some cases ice wedges just 



below the recent surface were formed and whose infilling 
show lenticular structure even if they reach into the under- 
lying horizon. We assume that this widespread lenticular 
horizon was formed after a strong cooling which generated 
these ice wedges. The features of lenticular structure point 
to a pedogenesis which can be explained by alternations 
between frozen and unfrozen conditions, resulting in clear 
band shaped structures of different grain sizes. The under- 
lying horizon is not affected by this process and shows no 
banded features (Fig. 12). We suggest a taiga like environ- 
ment to form such features. Below the lenticular horizon 
of the former permafrost horizon a brownish palaeosol 
is preserved. At the lower boundary of the brownish pal- 
aeosol there is a change from decalcified to calcified loess. 
This distinct change in the carbonate content represents a 
clear horizontal boundary, which is hard to identify in the 
sections. All these findings belong to unit I (Fig. 14) and 
are in consistency with former studies (Haase et al. 1970; 
Lieberoth 1959, 1962a, 1962b, 1963). 
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Unit II is a loess layer up to 7 m thick. Except for some 
palaeosols within this unit, the loess shows only minor evi- 
dences of reworking. Unit II contains at least four palaeosols, 
including two weak soils showing gelic Gleysol features. 




Fig. 12: Close up view of the lenticular (2) and underlying Bv-horizon (3) 
from Seilitz section (Photo: S. Meszner). 

Abb. 12: Detailaufnahme des unteren Teils der Lamellenfleckenzone (2) und 
des Bv-Horizontes (3) oberhalb der holozanen Entkalkungsgrenze aus dem 
Profil Seilitz. 




Fig. 13: Bottle-like iron oxide concretion in the section Seilitz. 
Abb. 13: Flaschenahnliche Eisenkonkretionen im Profil Seilitz. 



One of the strong soils can be characterized as a Cambisol, 
the other ones are reworked greyish gelic Gleysols with el- 
evated humic content (Fig. 4 and 6). At the Zehren section 
mollusk analyses were conducted showing a high number 
of individuals of several species in the reworked humic gel- 
ic Gleysol. In contrast to the pedological features showing 
gleyic conditions the mollusk analyses point to a steppic pa- 
laeoenvironment. The occurrence of Cecilioides acicula indi- 
cates drier climatic conditions during the formation of this 
horizon (Hamann, 2010 unpub.). This horizon is most likely 
of polygenetic origin, assuming humid conditions, which led 
to the formation of a gelic Gleysol. Later this gelic Gleysol 
was reworked, also documented in the Ostrau section with 
features of deep gullying. Schirmer (2000) described a simi- 
lar situation from the lower Rhine loess region and termed 
this layer "Eben-Zone". It is possible that erosion and redis- 
tribution of sediments were widespread during this period. 
A IRSL-sample from the top of this gelic Gleysol in Leippen 
section is dated to an age of 21.6 +/-2,5 ka (Fig. 2). 

In a next stage subsequent soil formation under drier 
conditions took place. A humic horizon was formed with- 
in the material of the reworked gelic Gleysol in which the 
mollusk assemblage developed. Antoine et al. (2009) de- 
scribe comparable processes. The humic soil formation cor- 
relates to a short interstadial with slightly drier climatic 
conditions. At section Zehren and Seilitz these soil hori- 
zons have higher magnetic susceptibility values. These 
two strong palaeosols can be identified in five out of seven 
profiles and interpreted as characteristic marker soils. The 
more weakly developed palaeosols can be observed in three 
sections (Seilitz, Zehren, Gleina). In contrast, former stud- 
ies by Haase et al. (1970) and Lieberoth (1959, 1962a, 1963) 
describe only one weak soil within this unit II instead of 
two strong and one weak palaeosol which we could iden- 
tify for Unit II of the composite Saxonian loess sequence. 
Numerical dating at the basis of Unit II in the Leippen sec- 
tion shows an IRSL-age 26.4 +/- 3 ka (Fig. 2). 

The structure of unit III is complex but differs signifi- 
cantly from the overlying unit because of a shift in terms 
of granulometric composition from silt dominated mate- 
rial in the overlying unit II to more loamy material in unit 
III. This unit shows clear evidences of reworking process- 
es. Coarse silt decreases whereas clay, fine silt, and me- 
dium silt as well as the sand fraction increase. Some parts 
of unit III are also characterized by a certain content of 
small pebbles of 1 cm in diameter as seen in the sections 
of Leippen, Seilitz, Zehren and Ostrau (Fig. 2, 4, 6 & 7). In 
the upper part of the transition zone large dark manganese 
spots (lowest part of unit II) could be observed. Iron oxide 
patterns are abundant in the lower part (uppermost part 
of unit III). In terms of climatic conditions it is assumed 
that the transition shows a climatic change from more arid 
conditions (unit II) to more humid conditions (upper part 
of unit III). Unit III shows in the part beneath very clear 
features of solifluction with incorporated small pebbles in 
an unsorted material. According to Haase et al. (1970) and 
Koch & Neumeister (2005) the material shows properties 
of loess derivates that is varicoloured. 

Beneath the varicoloured loess derivate we ob- 
serve a grey hydromorphic solifluction layer that shows 
clear features of cryoturbation with bottle shaped struc- 
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Fig. 14: Local correlation of all studied sections (the collored bars accent similar stratigraphic positions 
in different sections). 

Abb. 14: Korrelation aller untersuchten Profile (diefarbigen Balken verbinden stratigraphisch gleiche 
Positionen in den verschiedenen Profilen). 




ture (Fig. 13). These features named "Rostrohrengley" by 
Lieberoth (1963) can be seen in every section. The for- 
mation of this "Rostrohrengley" is supposed to have been 
taken place during a cold and moist climate. This soil-like 
material (Rostrohrengley) is integrated in the "Gleina Soil 
Complex" (Lieberoth, 1963). The Gleina Soil Complex con- 
tains furthermore an arctic brown soil below the gley soil 
that indicates slightly better climatic conditions. This com- 
plex is easy to identify by studying the graph of the iron- 
oxides ratio. The gley soil is mark by a profil-wide mini- 
mum of the Fe(d)/Fe(t)- ratio as can be seen in the sections 
Seilitz, Gleina, and Leippen. In contrast the underlying arc- 
tic brown soil is characterized by an increase of this ratio 
(Seilitz 21, Zschaitz 13, Ostrau 12, Gleina 19, Leippen 17). 
In the sections Gleina and Ostrau the values of iron-oxide 
ratios exceed in the reddish brown soil (arctic brown soil) 
the values of the Holocene and Eemian interglacial soils. 
Comparing these data we suppose a high activity of iron 
oxides caused by high oxidation-reduction potential dur- 
ing the formation of this interstadial complex. 

In all sections, the arctic brown soil shows a reworked 



structure, whereas at the Gleina section this brown arc- 
tic soil was formed "in situ" however superimposing a re- 
worked brown arctic soil sediment. This is proved by the 
fact that a distinct platy soil structure is developed. 

Lieberoth (1962a) assumed that the "Gleina Soil Com- 
plex" was formed at the same time as the "Lohne Soil" (Sem- 
mel, 1968) respectively the "Paudorf Soil" (Fink, 1964). We do 
not support this interpretation because our findings point to 
a much older formation of the lower part of the "Gleina Soil 
Complex". This is supported by the observation that the low- 
er part of unit III and the upper part of unit IV shows chang- 
es in terms of granulometric composition even between the 
"Rostrohrengley" and the reworked arctic brown soil. Un- 
conformities between unit III and IV in some sections indi- 
cate that prior to the formation of the "Rostrohrengley" ero- 
sion and sedimentation took place. Finally it suggests a cor- 
relation of this soil complex ("Rostrohrengley" and reworked 
arctic brown soil beneath) with the "Niedereschbacher Zone" 
described by Semmel (1968). It seems that processes of land- 
scape disturbances and redistribution of soil material are 
typical for the Middle Weichselian in Saxony. 
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Fig. 15: Composite profile of Saxony and regional correlation with other loess areas in central Europe. 

Abb. 15: Standardprofil der mittelsachsischen Losse und mogliche Korrelation mit anderen Lossgebieten Mitteleuropas. 
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Fig. 16: Legend for all profile drawings presented in this study. 
Abb. 16: Legende, fur alle in dieser Arbeit verwendeten Profilskizzen. 
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Unit IV is only exposed at the sections of Ostrau, Gleina 
and with some modifications at the setting of Zschaitz. Com- 
pared to the unit above we observe only in the upper part 
reworking of soils in this unit. The reworked arctic brown 
soil is the result of a period of soil formation, followed by a 
period of solifluction. The increase of clay content and pedo- 
genetic iron content (Fe d /Fe t ) denote this soil formation. Ob- 
viously the arctic brown soil formed within material most 
probably eroded from the Eemian soil (OIS-5e). In section 
Gleina (Fig. 11) we observe a gradually increase of colour to 
the top of the arctic brown soil (layer 19) and a clear uncon- 
formity to the overlaying redeposited "Rostrohrengley". 
Most of the soils of unit IV are formed in situ. However, some 
soil-(sediments) show weak features of a short relocation. Af- 
ter deposition this material underwent soil formation. At the 
Ostrau section, the upper part of unit IV contains a humic soil 
that is preserved as well as at the section of Zschaitz, however 
slightly reworked. Lieberoth (1963) did not mention hum- 
ic soils in this stratigraphic position although he described 
many profiles in Saxony. The occurance of such humic soils 
was reported from drier regions (e.g. Thuringian Basin and 
Harz foreland) by Ruske et al. (1962), Ruske & Wunsche 
(1964a, 1964b), Semmel (1968), and Schonhals et al. (1964). 
In accordance to these findings we postulate drier conditions 
during the formation of this humic soil in our study area. 

Below the humic soil a pale soil sediment is present which 
can be observed in all sections, even if there has no humic 
horizon been found. This layer is supposed to be the earliest 
Weichselian deposit. The most obvious feature of this layer is 
the abundance of large manganese concretions. At sections 
Seilitz, Ostrau and Gleina this lowest part of unit IV is in- 
termingled by these concretions and charcoal pieces. Macro 
remnant analyses of 25 pieces indicate, that only Larix decid- 
ua Mill, was found. It seems that at the end of the Eemian 
Interglacial and during the transition time towards the Early 
Weichselian a larch forest covered the landscape. 

In the study area an Eemian soil (Pseudogley) is pre- 
served below the Weichselian loess deposit at the sections 
of Ostrau, Zschaitz and Gleina. At all other profiles the low- 
er boundary of the Weichselian loess can be hardly defined. 
The differences between an early Weichselian rebedding or 
a late Saalian rebedding is almost impossible because both 
layers show similar colouring and grain size distribution. 
Especially the grain size distribution varies in these layers 
in short interval (e.g. profile Leippen). 

5 Conclusions 

In order to develop a reliable stratigraphy, seven loess-pal- 
aeosol profiles were studied in detail and further profiles 
were discussed for comparison. Based on these investiga- 
tions a high-resolution composite profile was compiled. 

5.1 Local correlation 

Fig. 14 shows an overview of all studied sections. The col- 
our-bars represent correlations between the individual sec- 
tions, based on lithological and palaeopedological analyses. 
Three IRSL-ages are provided for a first chronostratigraphic 
interpretation. Most of the sections to the north of the stud- 
ied Saxonian loess plateau (Gleina, Zehren, Seilitz) are char- 



acterized by thick accumulations of loess with intercalated 
palaeosols. The sections Leippen and Zschaitz situated in the 
south of the Saxonian loess plateau show much less accumu- 
lations of loess, representing the general north-south trend 
of loess thickness. 

5.2 Composite profile [Fig. 15) 

According to our results a detailed composite profile (Fig. 15) 
for the Saxonian Loess Area is proposed. Main contributions 
to the findings of Haase et al. (1970) and Lieberoth (1963) 
are two strong soils and two weak soils formed within unit 
II. We consider the Gleina Soil Complex not to be correlat- 
ed with the Lohne Soil Complex as proposed by Lieberoth 
(1962a, 1963) and Ricken (1983). 

Another important feature that was not described in 
former studies is the humic horizon just above the Eemi- 
an soil complex. We correlate this humic horizon with one 
of the "Mosbacher Humuszonen" as described by Semmel 
(1997a, 1997b) and with the humic parts of the Rocourt-Sol- 
Complex by Schirmer (2000), respectively. 

Ice wedges point to strong cold events without thick 
snow cover. Some of the ice wedges are even incised into 
lower units. In unit II the big ice wedges show a marginal 
bulge that indicate a longer phase of very cold winters. To 
form a marginal bulge of the ice wedge frequent changes 
of melting and strong freezing are necessary. The sequence 
is characterized by changes of soil formation, loess depo- 
sition and solifluction. These features are interpreted (left 
graph of Fig. 15) in terms of geomorphic conditions and 
landscape evolution. Stable conditions coincide with pe- 
riods of soil formation, whereas geomorphic activity can 
be attributed to loess deposition or solifluction. The latter 
takes place in transition phases in terms of climatic condi- 
tions. Ice wedges indicate strong dry cooling events. 

Two composite profiles of the western part of Germany 
(Semmel 1989; Zoller et al. 2004; Schirmer 2000, 2004) are 
added to the Saxonian composite profile in order to corre- 
late similar findings into a chronostratigraphic approach. 
The very detailed analyses of the Nussloch section (Bibus 
et al. 2007; Antoine et al. 2001) are considered as well, 
however because of its high resolution it does not serve for 
overview comparison. 
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The excavation of 20 deep test trenches of Pleistocene layers in the quarry Inden between Julich-Kirchberg and Lamersdorf in 
2005 and 2006 was part of the 'Palaeolithic Prospection in the Inde Valley' Project of the Foundation "Stiftung Archaologie im 
Rheinischen Braunkohlenrevier". They were aimed at finding and unearthing ancient landscape surfaces and potential Palaeo- 
lithic settlement structures. In December 2005, a Middle Palaeolithic archaeological layer correlating to the Eemian interglacial 
was discovered. This layer was investigated and excavated until September 2006 within an area of 3000sqm. About 700 lithic 
artefacts and pebble manuports were found together with evident features of pits and hearths. Three fallen-tree structures were 
situated in the center of the major concentration of artefacts and were probably part of the habitation. 

The discovered artefacts showed no signs of re-deposition or secondary transport and still maintained their original surface 
structure and sharp edge with no or minor patination. They were very suitable for the successive microscopic use-wear analysis 
which delivered a variety of remarkable and outstanding results. Various microwear traces and residues were found on a total 
of 120 stone tools out of 136 artefacts selected for analysis. The residues were identified through SEM and EDX as birch pitch. 82 
tools were either used as hafted impliments and fixed with birch pitch onto shafts or were being used for successive hafting-and- 
retooling activities. Birch pitch is the oldest synthetically produced material and is commonly associated with modern humans 
in the Upper Palaeolithic. The birch pitch residues found on the Micoquien tools of Inden suggest that hafting technologies, 
use of adhesives and multicomponent tool making already existed in the Middle Palaeolithic. The complex actions involved in 
composite-tool making indicate clearly modern human behaviour. 

[Prospektion Palaolithikum im Indetal) 

Im Rahmen des Projektes „Prospektion Palaolithikum im Indetal" der Stiftung Archaologie im Rheinischen Braunkohlenrevier 
wurden in den Jahren 2005 und 2006 im Tagebau Inden zwischen Julich-Kirchberg und Lamersdorf die pleistozanen Deckschich- 
ten mittels 20 Baggertiefschnitten sondiert. Ziel war es, fossile Landoberflachen und mogliche palaolithische Siedlungsplatze 
zu finden und freizulegen. Im Dezember 2005 konnte in der Ortslage Inden-Altdorf eine mittelpalaolithische Fundschicht aus 
dem Eem-Interglazial entdeckt werden, die bis September 2006 auf einer Flache von 3000 m 2 archaologisch untersucht werden 
konnte. Es fanden sich 700 Steinartefakte und herbeigebrachte Gerolle, aber auch evidente Grubenbefunde und Feuerstellen. 
Drei Baumwurfe lagen mitten in der Hauptartefaktkonzentration und waren wohl in das Siedlungsgeschehen eingebunden. Die 
Artefaktoberflachen waren kantenscharf und nicht patiniert, so dass die durchgefuhrten Gebrauchsspurenanalysen aufterge- 
wohnlich erfolgreich waren. Auf 120 der insgesamt 136 fur die Gebrauchsspurenanalyse ausgewahlten Artefakte fanden sich 
Mikrospuren verschiedenartiger Tatigkeiten sowie Residuen. Diese konnten mittels Rasterelektronenmikroskopie und energie- 
dispersiver Rontgenmikroanalyse als Reste von Birkenrindenpech identifiziert werden. 82 Gerate mit Residuen erwiesen sich 
entweder als geschaftete Einsatze, die mit diesem Pech an den Schaften befestigt wurden oder als Werkzeuge fur die Reparatur 
von gebrauchten und mit Pech verklebten Schaftungen, und dem Auswechseln verbrauchter Feuersteineinsatze dienten. Bir- 
kenrindenpech kann als altester synthetisch hergestellter WerkstofF angesehen werden und wird in der Regel mit dem Jungpa- 
laolithikum und modernen Menschen assoziiert. Die auf den Micoquien Artefakten aus Inden vorgefundenen Birkenpechreste 
zeigen, daB sowohl Schaftungstechnologien, Gebrauch und Herstellung von KlebstofF als auch die Anfertigung von komplexen, 
aus mehreren Komponenten bestehenden Geraten im Mittelpalaolithikum durchaus ublich waren. Deren Vorhandensein, noch 
dazu in einer vergleichsweise hohen Anzahl, kann als deutlicher Hinweis auf moderne menschliche Verhaltensweisen gewertet 
werden. 
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1 Introduction 



A sharp-edged, blue-and-white patinated middle palaeo- 
lithic handaxe found at the open-cast lignite mine Inden 
(in the area of Geuenich) urged one of the authors (JTh) in 
July 2004 to inspect this locality (Paffgen & Thissen 2005). 
The handaxe derived from a loess horizon correlating to the 
Weichselian period under which a fossil soil layer most likely 
correlating to the Eemian period (OIS 5e 128.000-115.000 BP) 
was localized. An early Pleistocene Maas terrace is cropping 



out between the Inde and Wurm valley, carrying large quan- 
tities of flint pebbles from the Dutch-Belgian "Kreideflint" 
region. Where the Maas terrace was exposed on the surface 
during the Pleistocene, Palaeolithic flint-knapper had an at- 
tractive and unlimited supply of raw material. 

Several hand-axes and half-finished products were found, 
mainly by F. Schmidt (Aldenhoven), who is field-walking in 
this area since the mid 1970s. This open site, closely located 
to the Maas terrace, was identified as a workshop ("Atel- 
ier") of the Micoquien period (Thissen 2006). This promis- 
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Fig. 1: Map of Germany with the location of the site Inden-Altdorf 
Abb. 1: Deutschlandkarte mit derLage des Fundplatzes Inden-Altdorf. 

ing topographical situation, which archaeologically seems 
to indicate a favoured area, led to the proposal of a survey 
project to the Foundation "zur Forderung der Archaolo- 
gie im Rheinischen Braunkohlenrevier" that was granted 
in March 2005. The grant included the comprehensive lithic 
analysis of the archaeological finds. Additional to the mor- 
phological and technological assessment of the lithic mate- 
rials, microscopic use-wear and residue analysis was con- 
ducted. In a pioneering study for the Middle Palaeolithic of 
the region, all modified tools and selected unmodified pieces 
underwent optical high and low power analysis as well as 
residue analysis using scanning electron microscopy and en- 
ergy-dispersive X-ray microprobing. 

2 Palaeolithic Prospection in the Inde Valley 

2.1 Test excavations at Inden and Altdorf 2005 

Several previous surveys of the embankment of the min- 
ing areas of Garzweiler and Inden were conducted to lo- 
cate Middle or Upper Palaeolithic settlements but remained 
rather unsuccessful. In 1987 the Mesolithic site Bedburg- 
Konigshoven was found at the Garzweiler mine (Thissen 
1997), after a skull and antler of deer were discovered in the 
wall of the open cast pit. The archaeological layer was close 
to the surface below a turf layer in a silted-up meander of 
the Erft river. 

According to experience, sites in loess deposits or in fos- 
sil soils are only found by widespread investigations of the 
Pleistocene landscape. Hence, the Inde Valley Project (Fig. 1) 
was explicitely designed to reveal palaeosurfaces with heavy 



equipment, specifically where the characteristic "Eemian 
soil" indicated an actual fossil surface. 

A mechanical excavator set up a series of deep test trench- 
es, first around the area of Inden in 2005 on the west bank of 
the river (WW 2005/51) that was under threat by the ongo- 
ing and approaching mining activities. These trenches were 
app. 2.5 to 4.5 metres wide, up to 4-6 metres deep and up to 
75 metres long. In August and November 2005 seven deep 
test trenches (DT) were opened there, revealing the Weichse- 
lian loess and possible Eemian layers. 

In the trenches nos. 1 to 5, 14 and 15 (see Fig. 2a and 
Table 1) different stratified sequences were documented. 
Coincidentally, the Roman Inde valley road from the Au- 
gustian period was discovered in the extension of Trench 
1. The Pleistocene sediments in the trenches nos. 1, 2, 4 and 
5 are generally well preserved, but neither Palaeolithic ar- 
tefacts nor archaeological features could be found. It was 
also not possible to locate the Eemian soil. In the flooded 
Go/Gr layers of the presumable Eemian period river val- 
ley brown patinated silices were found, but all unworked. 
Trench no. 3 revealed gravels from the main terrace of the 
Rhine together with Tertiary deposits. Trenches no. 14 and 
no. 15 were situated in an erosive channel underneath the 
Geuenich hand-axe site. No redeposited Middle Palaeolith- 
ic tools were found. 

Four other deep trenches at Altdorf (WW 2005/52) ex- 
cavated to a depth of 8.4 m turned out to be more promis- 
ing. An eroded brownish red soil, most likely Eemian sedi- 
ments, and the first redeposited artefacts of Upper Palaeo- 
lithic as well as Middle Palaeolithic age were discovered. 

2.2 Discovery of the Eemian artefact layer 

Following the discovery of Eemian soils and nearby old, 
brown patinated lithic artefacts at Altdorf, a (last) test ex- 
cavation (WW 2005/91) for this survey project was carried 
out. 

In October 2005, the first Eemian soil in situ was observed 
in Trench no. 11. In Trench no. 12, opened at the former corner 
of Altdorf s Gartenstrasse and Chlodwigstrasse, an Eemian 
Bt horizon and the Maas terrace sediments were finally lo- 
cated in direct contact. This was the sought-after, potentially 
ideal position for a settlement of Palaeolithic groups during 
the Eemian-Interglacial. There, the Maas gravels were ex- 
posed by erosion forming a channel in north-eastern direc- 
tion ("Altdorf er Talchen") into the Inde valley. Trench no. 13, 
excavated in December 2005 delivered the first archaeologi- 
cal evidence: in a slightly re-deposited Al-horizon three non- 
patinated Middle Palaeolithic artefacts made of Maas flint 
were uncovered underneath a loess deposit of three metres 
thickness (Fig. 3). Based on this promising result, the Inde 
Valley Project could be extended for one more year to thor- 
oughly study the new site. 

2.3 Excavation of the Middle Palaeolithic open site 
Altdorf [WW 124] 

In 2006 the research activities focussed on WW 2005/91 and 
WW 2006/74. Systematic probing of the area around the 
Middle Palaeolithic finds at Altdorf started in the beginning 
of January 2006. Initially, the excavation was done conven- 
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Fig. 2: The position of the trial trenches, sondages and profile sections in a) Inden, b) Altdorf 
Abb. 2: Lage der Baggertiefschnitte, Sondagen und Profllabschnitte in a) Inden, b) Altdorf. 



tionally in lxlm units using spades and trowels. All artefacts 
recovered in situ were 3-D measured and documented. The 
excavated sediments were then sieved. However, only 12 
small and unmodified artefacts were found in the investigat- 
ed area of 50 square metres (Fig. 4, Feature 23) by a team of 
2 to 3 excavators over a period of 12 weeks. This was far off 



the aim of the project to localise the Middle Palaeolithic sites. 
Therefore, it became necessary to adopt methods that could 
handle excessive amounts of sediments. The Eemian horizon 
could be carefully machine-excavated using a backhoe. The 
eastern slope seemed to be suitable for a settlement place, due 
to a wider view over the valley and the proximity of the river. 
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Fig. 3: Three flakes from the excavation WW 2005/91. 
Abb. 3: Drei Abschlage von der Ausgrabung WW 20095/91. 



In March 2006, the excavation of Trench no. 16 started to in- 
vestigate the eastern slope (Fig. 4, Feature 50). Geology and 
stratigraphy of this area were documented in the stepped 
profile of Feature 70 (Fig. 5). Further soil samples and a lac- 
quer profile section were taken from the southern edge of 
the slope (Fig. 4 and 6; Feature 125, see Kels et al. 2009). 

Only few lithic artefacts were found within Feature 50, 
therefore the trench was extended to the south. Here, the 
archaeological layer was underneath about 6 metres of loess. 
There a first fireplace was discovered (Fig. 4, Feature 65) 



whereas the Al-horizon was sitting directly upon a Bt hori- 
zon, both correlating with the Eemian. The character of this 
feature was not fully understood, then, also because the Al- 
horizion of the upper slope showed large sections of charcoal 
specks. The possibility of forest fires causing the presence 
of charcoal rather than anthropogenic activities had to be 
considered. However, at the end of April a second fire place 
was uncovered (see Feature 90), and a significant concentra- 
tion of artefacts came up within a long excavation trench in 
southern direction by the end of July (see Feature 180). 

At the same time, the first evidence of pits being fea- 
tures was investigated (eg. Fig. 4, Feature 200). They ap- 
peared as lighter fillings in the reddish-brown Bt-horizon. 
The spoilheaps were rapidly getting bigger hampering the 
excavations. The prolongation of the excavation's dura- 
tion permitted the enlargement of the excavated area and 
the transfer of the spoil to reach the new areas of interest 
(Fig. 6). 

Furthermore, a larger artefact concentration was found 
inside the last extension of the diggings to the east (west of 
Jiilicherstrasse), which at last turned out to be the Middle 
Palaeolithic camp we were seeking for. 
From August 10 to 31, 2006, three large round features 
were found beside each other (Feature 240, 300 and 330, 
Fig. 4), clearly distinguishable from the surrounding red- 
dish-brown soil by their light-colored sediment filling (Al- 
horizon), along with more fireplaces and pits. It became 
evident, that these were hollow fallen-tree structures (see 
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F/g. 4: General plan of the excavation WW 124 (Altdorf) with the activities WW 2005/91 and WW 2006/74 and the most important finds & features. Key: 
Excavation area (beige), Artefacts & stones (black dots), Pits (brown), fireplaces (red), concentration of artefacts in the camp (light grey) and Huts/Shelters 
(light blue). 

Abb. 4: Gesamtplan der Ausgrabung WW 124 (Altdorf) mit den Aktivitaten WW 2005/91 und WW 2006/74, und die wichtigsten Funde und Befunde. Le- 
gende: Grabungsbereiche (beige), Artefakte und Gerolle (schwarze Punkte), Gruben (braun), Brand- u. Feuerstellen (rot), Artefaktkonzentration im Camp 
(hellgrau) und Hutten/ Shelter (hellblau). 
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Ind 7: 75.1 + 6.4 ka 
indfi: 61.3 + 5.7 ka 



104 mNH 


IH.11 
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Ind 9: 83.4±6>6fca 






Probe 


Beschreibung 


INI 


Losslehm, MBt, rezent verlagert 


IN 2 


Brabant-Loss, in situ 


IN 3 


Gebleichter Loss, Eben-Zone [?] 


IN 4 


Gebleichter Loss, Eben-Zone [?] 


IN 5 


Weichselloss, umgelagert Keldach-Loss 


IN 6 


Weichselloss, umgelagert Keldach-Lbss 


IN 12 


Kaiskorb Nassboden 


IN 7 


Humuszone OIS 5a, in situ 


IN 8 


Bleichzone [SwAI], umgelagert 


IN 9 


Bleichzone [SwAI+Bt], umgelagert 


IN 10 


Eem-Bt [SdBt], umgelagert 


IN 11 


Eem-Bt[SdBt2], in situ 




Sample 


Description 


INI 


Loess loam, MBt, modern soil 


IN 2 


Brabant-loess, in situ 


IN 3 


leached loess, Eben zone [?] 


IN 4 


leached loess, Eben zone [?] 


IN 5 


Weichselian loess, reworkt, Keldach-Loess 


IN 6 


Weichselian loess, reworkt, Keldach-Loess 


IN 12 


Loess, tundra gley paleosoil, Kaiskorb soil [?] 


IN 7 


Loess loam, A horizon, in situ, OIS 5a 


IN 8 


Loess loam, reworked, OIS 5 


IN 9 


Loess loam, reworked [Bt/Eg horizon] 


IN 10 


Loess loam, dense Btg horizon, reworked, Eemian soil 
[OIS 58] 


IN 11 


Eemian Bt [OIS 5e], in situ 



Fig. 5: Geological Stepped Profile Feature Nr. 70; soil samples IN 1-12: M. 
Kehl; IRSL samples Ind 1-9: Preliminary IRSL ages M. Frechen (drawing 
by M.Goerke, LVR-ABR). 

Abb. 5: Geologisches Stufenprofil Stelle 70, Bodenproben IN 1-12: M. Kehl; 
IRSL-Proben Ind 1-9: Vorlaufige IRSL-Alter M. Frechen (Profilzeichnung 
M. Goerke, LVR-ABR). 



Kooi 1974), which originated from uprooted Eemian spruce 
trees. These shallow rooting trees have been determined 
for this period along with pine trees (see U. Tegtmeier in 
Kels et al. 2009). Pine trees, however, have deep roots and 
cannot be responsible to create such shallow pits. 

The chronology as well as the character of the fallen- 
tree pits were additionally confirmed by microscopic anal- 
ysis (see Kehl, Frechen & Thissen, in preparation). The 
fallen-tree structures appear to be favorable for habitation. 
The remaining root platform can be used as a construction 
element by the settlers to build a „fallen-tree shelter". This 
seems even more probable, since an oval concentration of 
lithic artefacts with clear boundaries appeared nearby to 
the central features (Fig. 4, grey area). It seems reasonable, 
that the people of the camp specifically sought out fallen 
tree groups near to the Maas terrace to build simple dwell- 
ings with little effort. 

Hie excavation campaign WW124 (WW2005/91 and 
WW2006/74) ended by September 2006 and the excavation 
area was dug away by the mining operation. The archaeo- 
logically investigated area of the Palaeolithic site in Altdorf 
was about 3000 m 2 . 

The lithic assemblage, about 700 unmodified artefacts, re- 
touched tools and cores includes typical Micoquien forms 



like unifacial knives, Kostenki- and Pradnik-knives, Leval- 
lois flakes and cores, and also Upper Palaeolithic elements 
like burins, scrapers, blades and blade-cores. This inventory 
can be favourably compared and correlated with the near- 
by Eemian site Moenchengladbach-Rheindahlen, layer Bl 
(c. 125 ka BP; Thissen 2006). Their well-preserved state and 
already macroscopically visible use traces made the Altdorf 
artefacts very suitable for microwear study. 

3 Microscopic use-wear and residue analysis 

In this study, all modified artefacts and selected non-re- 
touched pieces from Inden-Altdorf were subjected to high 
and low power microscopic use-wear analysis (Pawlik & 
Thissen 2008). By March 2009, 120 artefacts out of pres- 
ently 136 analysed were identified as used (Table 2). 144 
activities were recognised including scraping, cutting, en- 
graving, chiselling and combinations of these tasks. Five 
tools were used as perforators and 15 projectile implements 
were identified. A sandstone pebble was used as a grinder, 
perhaps for smoothing a wooden shaft. The assemblage 
contains three more grinding stones as well as two poten- 
tial "querns" made of sandstone. 
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An important role for the reconstruction of Palaeo- 
historic activities and technologies at Altdorf played the 
determination of residues. Besides edge damage and mi- 
cropolish, residues on stone tool surfaces are wear traces 
whose identification can give clues to their former use. 
Residues from the worked materials remain sometimes -al- 
though not frequently- on the functional parts of the tools. 
Approaches to the identification of blood or starch were 



extensively discussed by a number of authors (Loy 1983, 
1991; Fullagar 1998; Torrence & Barton 2006). 
Residues not only originate from the contact or working 
material but can be the remains from the tool's hafting and 
handling. Experimentally created birch pitch and archaeo- 
logical birch pitch samples from several European Upper 
Palaeolithic, Mesolithic and Neolithic sites helped to iden- 
tify these residues in a comparative multi-level analysis 
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Fig. 6: The excavation in Altdorf during July 2006. To the right of the profile the colleagues M. Frechen, M. Kehl andM. Goerke, and by the mechanical excava- 
tor W. Schurmann. 

Abb. 6: Die Ausgrabung in Altdorf im Juli 2006. Rechts am Profil die Kollegen M. Frechen, M. Kehl und M. Goerke, und am Hydraulikbagger W. Schurmann. 




Fig. 7: a) unifacial point no. 279-4, b) triangular pointed flake no. 470-1, c) 
pointed flake no. 467-1, d) unilaterally hafted blade 455-1, e) scraper no. 
291-1, f) sandstone pebble covered with pitch no. 261-3. Presumed hafted 
areas are shaded; areas where microphoto graphs were taken are circled. 

Abb. 7: a) Unifaziale Spitze Nr. 279-4, b) dreieckiger, spitz zulaufender 
Abschlag Nr. 470-1, c) spitz zulaufender Abschlag Nr. 467-1, d) unilateral 
geschdftete Klinge Nr. 455-1, e) Schaber Nr. 291-1, f) mit Birkenpech be- 
decktes Sandsteingerbll Nr. 261-3. Mutmafiliche Schaftungsbereiche sind 
schattiert; photo graphierte Bereiche sind umrandet. 



(Pawlik 1995, 1997, 2004; Baales 2002). It combined opti- 
cal microscopy, SEM and energy-dispersive analysis of X- 
rays (EDX). The results lead to the identification of these 
residues as the remains of birch pitch used as hafting mas- 
tic (Rottlander 1991). More so, since archaeological evi- 
dence -at least for Europe- exists only for adhesives deriv- 
ing from birch (Weiner 2005: 20). 

Birch pitch is produced in a process called dry distillation 
(Sandermann 1965; Funke 1969; Rottlander 1991). It usu- 
ally requires the use of air-tight containers known as retorts. 
The retort is filled with birch bark rolls and set into a charcoal 
fire. During the heating process, the hot oxygen-free atmos- 
phere inside the retort causes the bark to completely trans- 
form into a liquid tar. While this retort distillation is known to 
have been practiced since the 10 th century AD (Weiner 1988) 
the use of such containers can hardly be considered for pre- 
historic pitch production. Even for the Neolithic, there is a re- 
markable absence of retorts or any fragments of retorts in the 
archaeological record (Weiner 1992). 

The comparative analysis of archaeological pitch and exper- 
imental replication suggested that prehistoric birch pitch 
could have been made by turning a narrow pit with stone 
cover into a "retort" (Pawlik 1995, 2004; Palmer 2007). A 
cigar-shaped roll of birch bark, similar to findings from the 
Mesolithic (Kind 1997), is lighted at one end and placed 
with the burning end ahead into the pit. The smouldering 
bark takes away the oxygen inside the pit and will cause the 
bark to "sweat out" pitch drops. A stone placed at the pit's 
bottom is helpful to catch the pitch. This pitch is a sticky 
liquid while hot and can be applied immediately. 

Such residues were observed on 82 artefacts, on projectile 
points as well as working tools. They appear as blackish drops 
and streaks of resin-type material on the basal area, e.g. on a 
unifacial point (Fig. 7a) or in some cases completely cover the 
former hafted area like on a laterally hafted blade (no. 455-1; 
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Fig. 8: a) Birch pitch residues on the bulb of no. 467-1, b) residues on the striking platform of no. 467-1, c) Birch pitch covering the lateral edge of no. 
455-1, d) pitch residues associated with hafting wear on no. 470-1, e) residues associated with hafting micropolish on a unifacial point no. 279-4, f) resi- 
dues and hafting micropolish on a Kostenki-knife fragment no 202-1, g) birch pitch filled hairline fissures on the surface of scraper no. 291-1, h) birch 
pitch cover on aflat sandstone pebble no. 261-3. 

Abb. 8: a) Birkenpechresiduen aufdem Bulbus von Nr. 467-1, b) Residuen aufdem Schlagflachenrest von Nr. 467-1, c) mit Birkenpech bedeckte Lateral- 
kante von Nr. 455-1, d) Gemeinsam mit Schaftungsgebrauchspuren auftretende Pechresiduen an Nr. 470-1, e) Residuen und Schaftungspolituren aufder 
unifaziellen Spitze Nr. 279-4, f) Residuen und Schaftungspolituren aufdem Fragment eines Kostenkimessers Nr. 202-1, g) In Haarrisse eingeflossenes 
Birkenpech aufder Oberflache des Schabers Nr. 291-1, h) Mit Birkenpech bedecktes flaches Sandsteingeroll Nr. 261-3. 
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Fig. 9: a, b) SEM image of residues with molten plant tissue frazzles and fibres embedded in an amorphous matrix of solidified pitch on no. 470-1, c) sedi- 
ment particles in a small clot of solidified pitch on no. 467-1, d and e) EDX analysis of residues from no. 470-1, f) EDX histogram of birch pitch residues 
from Burgaschisee-Sud, g) EDX histogram of birch pitch residues from Henauhof-Nord II, h) EDX histogram of experimental birch pitch. 

Abb. 9: a, b) Raster elktronmikro skopische Aufnahme der Residuen mit in eine amorphe Matrix aus Pech eingebetteten, angeschmolzenen Pflanzenfasern 
und -geweberesten aufNr. 470-1, c) an einem erstarrten Pechklumpchen anhaftende Sedimentpartikel an Nr. 467-1, d , e) EDX- Analyse der Residuen auf 
Nr. 470-1, f) EDX-Histogramm von Birkenpechresten aus Burgaschisee-Sud, g) EDX-Histogramm von Birkenpechresiduen aus Henauhof-Nord II, h) EDX- 
Histogramm von experimentell hergestelltem Birkenrindenpech. 
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Fig. 7d). On artefacts identified as projectile implements, e.g. 
a pointed and triangular shaped flake (no. 470-1, Fig. 7b), and 
a blade with transverse termination (no. 467-1, Fig. 7c), resi- 
dues occur mainly on their proximal parts including the plat- 
form remnant. They appear under the stereo-microscope as a 
dried brownish black viscous liquid (Fig. 8a-c). The residues 
are often associated with hafting micropolishes (Pawlik 2004) 
caused by minor movements of the shaft (Fig. 8d-f). The liq- 
uid state of the pitch during its application is substantiated by 
an observation on a scraper (no. 291-1, Fig. 7e): Here, the ma- 
terial filled hairline fissures in the flint surface before it solidi- 
fied (Fig. 8g). A flat sandstone pebble (261-3, Fig. 7f) is almost 
completely covered with residues (Fig. 8h) to a maximum 
thickness of approximately 100 \im suggesting a potential use 
to catch the hot liquid pitch inside the pit (Palmer 2007). 
The residues then underwent closer inspection under a 
scanning electron microscope LEO 1450-VP, Everhart- 
Thornley SE-Detector and 4-Quadrant BSE-Detector in 
connection with an EDX-system OXFORD INCA Energy 
200 Premium Si (Li) SATW-Detector. The SEM showed lay- 
ers of molten plant tissue frazzles and fibres in an amor- 
phous matrix of solidified pitch, thus indicating the origin 
of the residues (Fig. 9a, b), and embedded sediment parti- 
cles in the sticky pitch (Fig. 9c). The presence of unaltered 
primary plant matter within the amorphous matrix was as 
well a typical feature of experimental pitch and the afore- 
mentioned samples from Mesolithic and Neolithic contexts 
(Pawlik 1995: 209-211). 

Following the SEM analysis, Energy-dispersive X-ray analy- 
sis was undertaken to detect the elementary composition of 
the residues. The spectrum of elements acquired from sever- 
al residue samples shows a significant peak for carbon, veri- 
fying the organic nature of the samples (Fig. 9d, e). Various 
subsequent elements were detected: Potassium (K), Calcium 
(Ca), Sulphur (S) as well as Iron (Fe), Manganese (Mn), Alu- 
minium (Al), Sodium (Na) and Magnesium (Mg). The lat- 
ter elements very likely originate from the sediment. More 
significant is the presence of Ca, K and S. Their traces are 
shown in considerable quantities as well in the EDX-histo- 
grams of Mesolithic and Neolithic birch pitch (Fig. 9f, g). Al- 
so experimentally created pitch indicated the presence of Ca 
and K (Fig. 9h), presumably originating from the exposure to 
fire and ash during processing and use (Pawlik 1995: 197). 

4 Discussion and Conclusion 

Modern behavioural patterns and evidence for mastering 
complex technologies have been recognized at a c.120 ka old 
site in western Germany. In a multi-level micro-wear anal- 
ysis, residues on stone tools from Inden-Altdorf have been 
identified as a pitch produced by the distillation of birch 
bark. Birch pitch is the oldest known synthetic material and 
was used in Prehistoric Europe as an adhesive to fix stone 
tools on wooden shafts (Weiner 2005). This kind of com- 
posite or multicomponent tool making requires planning 
and the execution of complex sequences of action and is re- 
garded as indicator for modern human behaviour (Ambrose 
2010). It was until now commonly associated with modern 
Homo sapiens of the last glacial period and the Holocene. 
The pitch residues found on the Micoquien tools from Inden- 
Altdorf predate this by far. The use of birch pitch in the Mid- 



dle Palaeolithic is furthermore supported from another Mi- 
coquien site at Konigsaue (Mania & Toepfer 1973; Koller 
et al. 2001; Grunberg 2002). However, only at Altdorf ap- 
peared formerly hafted tools in higher numbers and asso- 
ciated with settlements structures within a stratigraphical 
secured context. 

This analysis delivered direct evidence that Micoquien 
lithic technology featured the use of stone tools as hafted 
implements fixed onto wooden shafts. The hafting traces ap- 
peared not only on projectile points but on working tools as 
well. The resemblance of their visual appearance and ele- 
mentary spectrum with much younger Neolithic, Mesolithic 
and Upper Palaeolithic birch pitch is striking. It illustrates 
that at Inden-Altdorf a very similar, if not the same, material 
and method of pitch production was already in use during 
OIS 5e. A natural formation of the residues can be excluded 
due to their distribution on the tools, the absence of Betula 
charcoal at Altdorf and the production method itself. 
Evidence for the production of synthetic pitch and the use 
of an innovative composite tool technology is still uncom- 
mon in the Palaeolithic record. The discovery by Boeda et 
al. (1996, 2008) of processed natural bitumen on two arte- 
facts from the penultimate Mousterien layer at Umm el Tlel 
demonstrated the existence of composite technology to at 
least 40 ka to 70 ka BP. However, their proximity to over- 
lying Transitional and Aurignacien levels at Umm el Tlel 
leaves open the question of which species of human was 
producing these pieces. The Konigsaue evidence pushes the 
ability to create hafting mastic back to more than 45 ky to 
app. 80 ky as well; the Inden-Altdorf evidence pushes it 
back even further, to the last interglacial. Despite this much 
greater antiquity, distinguishing the likely fabricator as Ho- 
mo neanderthalensis or Homo sapiens seems problematic. 

Initial occupation of the Levant by Homo sapiens is cur- 
rently dated to 130-100 ka BP (Grun et al. 2005). It has 
tended to be portrayed as an aborted settlement, with 
groups either becoming extinct or being forced to re- 
treat into Africa because of worsening climatic conditions 
c.75 ka BP. Modern humans do not re-appear in the Levant 
until c.45 ka BP (Shea 2007) when they then move into the 
European peninsula. On current evidence, we also consider 
the second model and that the hominids connected with 
the Inden-Altdorf site were possibly early Homo sapiens 
(Thissen 2006: 141-171); an interpretation also suggested 
by Koller et al. (2001) for the Konigsaue A find. These data 
are in support of the possibility that modern humans may 
have penetrated deeper into the European peninsula than 
previously thought during their first migration from Af- 
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The multiple aliquot protocol based Infrared Stimulated Luminescence (IRSL) and thermoluminescence (TL) data and those of the 
single aliquot regenerative protocol based post-IR IRSL at 225°C and fading-corrected IRSL at 50°C show that anomalous fading is 
only a minor problem for the loess and loess derivatives at the Schwalbenberg II loess section. Therefore, it is very likely that multiple 
aliquot based protocols, which were applied commonly in the 1990s for loess from the Middle Rhine Valley, yielded reliable IRSL 
and TL age estimates up to an age of about 70-80 ka. The loess/palaeosol sequence of the Schwalbenberg II loess section shows a 
remarkable detailed Weichselian Middle Pleniglacial (MIS 3) record. A detailed and more reliable chronological framework was set 
up by luminescence dating methods for the loess record resulting in four major accumulation periods for this last glacial record. The 
chronological results give further evidence for the litho-pedological correlation of the Hesbaye Formation and the Ahrgau Formation 
to MIS 2 and MIS 3, respectively. The Keldach Formation is designated to correlate to MIS 4 by means of litho-pedostratigraphy but 
gives deposition ages between 55 and 45 ka, which does suggest a correlation to MIS 3. 

[Lumineszenz-Chronologie des Schwalbenberg ll-Losses im Mittelrheintal] 

Der Vergleich von „multiple aliquot" Protokoll basierten IRSL- und TL-Altern mit denen von „single aliquot regenerative" Proto- 
kollen mittels des post-IR IRSL (225°C) und fading-korrigierten IR (50°C) zeigt, dass Signalverlust durch anomales Ausheilen fur 
Losse und Lossderivate des Schwalbenberg II Profils ein geringes Problem darstellt. Aus diesem Grund ist es sehr wahrscheinlich, 
dass auf „multiple aliquot" Messprotokollen beruhende Lumineszenz-Datierungen, die in den 1990er Jahren im allgemeinen fur 
Losse aus dem Mittelrheingebiet angewendet wurden, bis zu einem Alter von 70-80 ka innerhalb der 1-sigma Fehlerabweichung 
verlassliche IRSL und TL-Alter ergeben haben. Die L6ss-/Palaobodensedimente des Schwalbenberg II Lossprofils zeigen einen be- 
merkenswert detaillierte weichselzeitliche mittelpleniglaziale Abfolge, die mit dem marinen Sauerstoffisotopenstadium 3 korreliert 
wird. Ein verlasslicher chronologischer Rahmen wurde durch Lumineszenz-Datierungsmethoden bestimmt. Vier Loss-Hauptakku- 
mulationsphasen konnten fur die letztglaziale Abfolge vom Schwalbenberg nachgewiesen werden. Die chronologischen Ergebnisse 
unterstutzen die litho-pedologische Korrelation der Hesbaye Formation mit MIS 2 und der Ahrgau Formation mit MIS 3. Aufgrund 
von litho-pedologischen Befunden wird die Keldach Formation mit MIS 4 korreliert. Die Lumineszenz-Alter von 55 bis 45 ka legen 
jedoch eine Korrelation mit MIS 3 nahe. 

loess, luminescence dating, Pleistocene, Germany, climate change 
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Introduction 



In Central Europe, loess/palaeosol sequences provide excel- 
lent high-resolution terrestrial archives of climate and en- 
vironment change for the past 130,000 years, the time span 
of the Upper Pleistocene. Thermoluminescence (TL) and 
Infrared Stimulated Luminescence (IRSL) dating me-thods 
have been successfully applied for numerous Upper Pleis- 
tocene loess records in Central Europe (e.g. Frechen, 1994; 
Frechen et al,. 2003; Schmidt et al. 2011; Zoller et al. 1994). 
During the 1990s mainly multiple aliquot additive dose 
(MAAD) protocols and multiple aliquot regeneration dose 
(MARD) protocols were applied to determine the equivalent 
dose (D e ) values for IRSL and TL dating. The latter studies 
provided apparently reliable numerical age estimates up to 
about 100 ka. In the past 15 years, luminescence dating of 
sediments has been significantly improved by establishing 
single aliquot regenerative (SAR) protocols for determining 
the equivalent dose. Schmidt et al. (2011) re-investigated the 



loess and its derivatives from the Tonchesberg section in the 
Middle Rhine area and found their single aliquot regenera- 
tive (SAR) protocol results in excellent agreement with those 
determined earlier by the MAAD and MARD protocols up 
to about 70-80 ka, and thus confirmed previously published 
results from Frechen (1992, 1994) and Zoller et al. (1991) for 
the Tonchesberg section. The results of Schmidt et al. (2011) 
show that reliable age estimates up to about 70 ka can be ob- 
tained by quartz Optically Stimulated Luminescence (OSL) 
and up to about 200 ka by feldspar pulsed post-IR IRSL for 
the last glacial and penultimate glacial loess in the Middle 
Rhine area, respectively. Therefore, we continue to study the 
application of multiple aliquot IRSL and TL with those of 
SAR post-IR IRSL on polymineral fine-grain material from 
the Schwalbenberg loess. 

At the Schwalbenberg section, which is located in the 
Middle Rhine valley, a very detailed Middle Weichselian 
loess record is exposed (Schirmer 1990, 1991, 2000a, b, 2011). 
Altogether 44 samples were investigated, resulting in more 
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Fig. 1: Map showing the location of the Schwal- 
benberg section in the Middle Rhine Valley (from 
Schirmer 1995: 530, modified). 

Abb. 1: Lage des Aufschlusses Schwalbenberg 
im Mittelrheintal (aus Schirmer 1995: 530, 
verandert). 



than 140 IRSL and TL age estimates applying multiple al- 
iquot additive dose and multiple aliquot regeneration dose 
protocols. Four samples were also investigated by single 
aliquot regenerative (SAR) protocols including IRSL at 50°C 
and post-IR IRSL at 225°C. Fading correction was applied 
for the IRSL 50°C signal. 

The aim of this study is to set up a more reliable chrono- 
logical framework for the loess/palaeosol record from the 
Schwalbenberg section. A further aim is to test whether 
the multiple aliquot IRSL and TL results from the 1990s are 
still suitable for geochronological interpretations. Based 
on the chronological framework of this paper and further 
high-resolution proxy data the loess/palaeosol record is 
correlated with the Greenland ice core records in a further 
paper (Schirmer, 2000a,b, 2011). 

Geological Setting 

The Schwalbenberg section is an artificial cliff close to 
the town of Remagen in the Middle Rhine valley (Fig. 1). 



An older outcrop (Schirmer 1990, 1991) was later named 
Schwalbenberg I, whereas Schwalbenberg II is an extended 
wall few meters behind the wall of Schwalbenberg I. Both 
sections exhibit 13.5 m loess deposits over a gravel of the 
Lower Middle Terrace that ends with a truncated intergla- 
cial luvisol. The loess record from the section at Schwal- 
benberg is exceptional owing to its excellent preservation 
of the Middle Weichselian record, designated to represent 
most parts of MIS 4 and 3. The section hosts most parts of 
the Keldach Formation (MIS 4) represented by the lower 
loess of the section, moreover an unusually complete Ahr- 
gau Formation (MIS 3), represented by the tight loess-soil 
sequence of the section, and above parts of the Hesbaye 
and perhaps the Brabant Formations (MIS 2), represented 
by the upper loess of the section (Schirmer 1995, 2000a,b, 
2002, 2010, 2011) (Fig. 4). 

The high amount of intercalated interstadial soils is re- 
markable. The Ahrgau-Formation correlates with its soils 
excellently to the Greenland Ice Core record, especially 
the Greenland Interstadials 17 to 6, as supported by its ac- 
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Fzg. 2 (a): TL g/ow curves of sample Sc 3 and resulting growth curves, as determined by multiple aliquot protocols (regeneration and additive dose). 
Abb. 2 (a): TL-Gliihkurven von Probe Sc 3 sowie die resultierenden Aufbaukurven (Regenerierung und Additive Dosis). 
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Fig. 2 (b): IRSL decay curves of sample Sc 3 and resulting growth curves, as determined by multiple aliquot protocols (regeneration and additive dose). 
Abb. 2 (b): IRSL-Ausleuchtkurven von Probe Sc 3 sowie die resultierenden Aufbaukurven (Regenerierung und Additive Dosis). 
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count of soils, vertical distance of the soils, their rhythmic 
arrangement and their intensity indicated by the soil prop- 
erty curves. Thus, the Ahrgau Formation of the Schwal- 
benberg provides a good equivalent of the Greenland ice 
curves during MIS 3 (Schirmer 2000a, b, 2011). The Keldach 
Formation, represented by the lower loess, is from a litho- 
stratigraphical point of view older than GIS 17, thus cor- 
relates to MIS 4. A detailed sedimentological/pedological 
description is given in Schirmer (2011). 

Luminescence dating 

Luminescence (including TL, OSL and IRSL) refers to the 
light emitted from crystals such as quartz, feldspar or zir- 
con, when they are stimulated with heat or light after re- 
ceiving a natural or artificial dose of radiation. As a result 
of natural radiation in sediments, the number of electrons 
migrating to traps that result from impurities and crystal 
defects, increases with time and dose. The equivalent dose 
(D e ) is a measure of the past radiation absorbed and, in com- 
bination with the dose rate, yields the time passed since the 
last exposure to sunlight. Natural radiation results from the 
radioactive decay of isotopes in the decay chains of 235 U, 
238 U, 232 Th, and the decay of 40 K, some minor isotopes in- 
cluding 87 Rb, and cosmic rays. The luminescence age equals 
equivalent dose divided by dose rate. Further information 
about the methodological background is given by Preusser 
et al. (2008). 

An important assumption for luminescence dating tech- 
niques is that the luminescence signals of the mineral grains 
have been bleached and reset to near zero by daylight prior 
to deposition. This assumption might be normally fulfilled 
for aeolian transport from the dust source, mainly floodplain 
of the Rhine Valley near the confluence of rivers Rhine and 
Ahr, and the area of deposition at the Schwalbenberg but 
might not necessarily be fulfilled for reworked loess, e.g. 
solifluction or slope wash. Unfortunately, thorough tests 
about the level of resetting of the signal and the application 
of statistical methods to determine the most likely deposi- 
tion age have not yet been applied owing to the lack of ap- 
propriate methods in the application of polymineral fine- 
grain material. 

Previous studies have shown that luminescence signals 
from feldspar can suffer from anomalous fading (Spooner 
1994; Wintle 1973), an unwanted loss of signal, which can 
result in age underestimation. Anomalous fading causes a 
decrease of the luminescence signal with time, faster than 
expected from thermal stability measurements. Fading cor- 
rections involve inherent assumptions including that the 
fading rate observed on a laboratory timescale is relevant to 
geological time (Huntley & Lamothe, 2001), thus it is ideal 
to find a luminescence signal which shows negligible fad- 
ing. Buylaert et al. (2009) applied an elevated temperature 
post-IR IRSL protocol proposed by Thomsen et al. (2008) and 
could reduce the fading rate by a factor of two using the 
post-IR IRSL at 225°C compared to the IRSL signal at 50°C. 
Their fading-corrected ages agreed well with ages derived 
from independent age control. 

The reduced fading rate using post-IR IRSL signal was 
confirmed in several chronological studies about European 
loess (Thiel et al. 2011a, b). 



Experimental details 

Multiple aliquot additive dose and regeneration dose 
protocol 

In this study all measurements were carried out on the 
4-11 ^xm polymineral fine grain fraction, using the prepara- 
tion technique described in Frechen (1994) and Frechen et 
al. (1997). The artificial irradiation for multiple aliquot pro- 
tocols was performed using a Co-60 gamma source in Lou- 
vain-la-Neuve, Belgium, at the Institut Nucleaire et Chimie 
Inorganique. Bleaching was done using an UV lamp (Osram 
Ultra Vitalux 300W) for 16 hours to reset luminescence sig- 
nals. The samples were stored at room temperature for at 
least four weeks between artificial irradiation and measure- 
ment. Furthermore, the samples were stored for at least 48 
hours after preheating at 150°C for 16 hours on a heating 
plate in order to eliminate the unstable part of IRSL and 
TL signals and then measured. The signal emission, mainly 
from feldspar, was detected for all samples through a filter 
combination of Schott BG-39 and Chance Pilkington HA- 3. 
After 25 seconds of IR stimulation at room temperature, the 
same discs were immediately heated to obtain their TL. The 
aliquots were measured with a heating rate of 5°C/s up to 
450°C. D e values were obtained by integrating the 10-25s re- 
gions of the IR decay curves and the 300-400°C regions of 
the TL glow curves. An exponential growth curve was fitted 
for the different dose steps and compared with the natural 
luminescence signals to estimate the equivalent dose. Exam- 
ples for IR decay curves and TL glow curves and the growth 
curves are shown for sample SC 3 in Figure 2. 

Single aliquot regenerative-dose protocol (SAR) 

The development of SAR protocols was an important mile- 
stone improving accuracy and precision in luminescence 
dating of quartz, feldspar and polymineral fine-grains (Mur- 
ray & Wintle 2000; Wallinga et al. 2000). The SAR proto- 
col allows the determination of equivalent dose by interpo- 
lation with an about 5% precision. Sensitivity changes are 
monitored and corrected. Although anomalous fading has 
not been described as a significant problem for dating last 
glacial loess from the Rhineland, it can cause age underes- 
timation. So far only samples from the Tonchesberg section 
situated in the Middle Rhine area have been investigated and 
cross-checked with both multiple aliquot (additive dose and 
regeneration) and SAR protocols for D e determination in- 
cluding fading correction (Schmidt et al. 2011). However, 
fading correction is problematic and a reliable procedure is 
still under discussion (Huntley & Lamothe 2001). Based on 
the studies of Thomsen et al. (2008), Buylaert et al. (2009) 
proposed a modified SAR IRSL protocol which involves el- 
evated temperature stimulation with IR for 100 s at 225°C fol- 
lowing stimulation with IR at 50°C for 100 s, so-called post- 
IR IRSL measurement sequence. This protocol was success- 
fully applied to penultimate and last glacial loess from the 
Middle Rhine area, Austria and Serbia (Schmidt et al. 2010, 
2011; Thiel et al. 2011a, b). The latter studies have shown 
that the observed fading rates for the post-IR IRSL signal are 
significantly lower than those determined for the conven- 
tional IRSL at 50°C. Furthermore, it was demonstrated that 
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Tab. 1: Dosimetric results. Uranium, thorium and potassium content were determined by gammaspectrometry in the laboratory. 
Tab. 1: Dosimetrische Ergebnisse. Uran-, Thorium- und Kaliumgehalt wurden im Labor mittels Gammaspektrometrie bestimmt. 



Sample 


Uranium 
[ppm] 


Thorium 
[ppm] 


Potassium 
[%] 


a value 
IRSL 


IR dose rate 
[Gy/ka] 


a value 
TL 


TL dose rate 
[Gy/ka] 


SCI 


2.90±0.20 


10.3B±0.73 


1.59±0.11 


0.070 


3.74±0.30 


0.090 


3.99±0.33 


SC2 


2.72±0.19 


10.06±0.70 


1.47±0.10 


0.075 


3.60±0.29 


0.101 


3.91±0.32 


SC3 


2.72±0.19 


9.55±0.B7 


1.40±0.10 


0.070 


3.18±0.26 


0.090 


3.39±0.29 


SC4 


2.67±0.19 


9.93±0.70 


1.47±0.10 


0.065 


3.44±0.27 


0.079 


3.69±0.30 


SC5 


2.88±0.20 


10.42±0.73 


1.58±0.11 


0.065 


3.67±0.29 


0.086 


3.93±0.32 


SC6 


2.72±0.19 


10.46±0.73 


1.59±0.11 


0.072 


3.71±0.29 


0.085 


3.87±0.31 


SC7 


2.65±0.19 


10.00±0.70 


1.57±0.11 


0.077 


3.67±0.30 


0.095 


3.89±0.32 


SC8 


2.76±0.19 


9.68±0.B8 


1.56±0.11 


0.080 


3.71±0.30 


0.103 


3.98±0.33 


SC9 


2.82±0.20 


9.81±0.69 


1.52±0.11 


0.0B8 


3.56±0.29 


0.080 


3.71±0.30 


SC10 


2.83±0.20 


10.52±0.74 


1.59±0.11 


0.077 


3.82±0.31 


0.098 


4.08±0.34 


sen 


2.80±0.20 


10.13±0.71 


1.55±0.11 


0.080 


3.77±0.31 


0.098 


3.99±0.33 


SC12 


2.27±0.16 


7.70±0.54 


1.09±0.06 


0.087 


2.95±0.23 


0.118 


3.24±0.27 


SC13 


2.56±0.18 


8.7B±0.61 


1.26±0.0B 


0.073 


3.18±0.24 


0.096 


3.44±0.27 


SC14 


2.67±0.19 


8.81±0.62 


1.26±0.0B 


0.085 


3.37±0.26 


0.095 


3.48±0.28 


SC15 


2.55±0.15 


8.72±0.B1 


1.16±0.06 


0.074 


3.10±0.24 


0.098 


3.36±0.27 


SC1B 


2.64±0.18 


9.20±0.64 


1.25±0.0B 


0.066 


3.18±0.24 


0.076 


3.29±0.25 


SC17 


2.64±0.18 


8.97±0.63 


1.26±0.06 


0.078 


3.29±0.25 


0.089 


3.42±0.27 


SC18 


2.46±0.17 


9.14±0.64 


1.21±0.06 


0.064 


3.05±0.23 


0.068 


3.09±0.24 


SC19 


2.73±0.19 


9.45±0.66 


1.19±0.0B 


0.065 


3.17±0.24 


0.080 


3.35±0.26 


SC20 


2.64±0.18 


8.78±0.61 


1.16±0.06 


0.065 


3.04±0.23 


0.099 


3.42±0.27 


SC21 


2.37±0.17 


7.87±0.55 


1.09±0.06 


0.066 


2.80±0.21 


0.121 


3.35±0.28 


SC22 


2.47±0.17 


8.34±0.58 


1.11±0.06 


0.087 


3.12±0.25 


0.098 


3.24±0.26 


SC23 


2.54±0.18 


8.54±0.60 


1.17±0.06 


0.093 


3.29±0.26 


0.119 


3.57±0.30 


SC24 


2.43±0.17 


7.81±0.55 


1.03±0.05 


0.073 


2.83±0.22 


0.106 


3.16±0.26 


SC25 


2.47±0.17 


8.36±0.59 


1.14±0.06 


0.061 


2.88±0.22 


0.076 


3.03±0.23 


SC2B 


2.10±0.15 


7.41±0.52 


0.95±0.05 


0.073 


2.59±0.20 


0.099 


2.83±0.23 


SC27 


2.3B±0.1B 


7.86±0.55 


1.08±0.06 


0.064 


2.76±0.21 


0.103 


3.15±0.25 


SC28 


2.31±0.1B 


7.44±0.52 


0.99±0.05 


0.065 


2.63±0.20 


0.099 


2.96±0.24 


SC29 


2.63±0.18 


8.75±0.61 


1.23±0.0B 


0.065 


3.10±0.23 


0.082 


3.28±0.26 


SC30 


2.52±0.18 


9.69±0.B8 


1.33±0.07 


0.091 


3.54±0.28 


0.105 


3.70±0.30 


SC31 


2.89±0.20 


9.95±0.70 


1.51±0.08 


0.063 


3.61±0.29 


0.084 


3.79±0.31 


SC32 


2.88±0.20 


10.46±0.73 


1.55±0.08 


0.069 


3.70±0.30 


0.075 


3.77±0.31 


SC33 


2.85±0.20 


10.50±0.74 


1.59±0.08 


0.071 


3.75±0.30 


0.055 


3.55±0.28 


SC34 


2.90±0.20 


10.91±0.76 


1.62±0.08 


0.051 


3.58±0.28 


0.055 


3.63±0.29 


SC35 


2.82±0.17 


10.43±0.63 


1.61±0.08 


0.050 


3.48±0.26 


0.058 


3.58±0.27 


SC3B 


2.96±0.21 


10.60±0.74 


1.59±0.08 


0.048 


3.50±0.27 


0.058 


3.63±0.29 


SC37 


2.95±0.21 


10.06±0.70 


1.51±0.08 


0.055 


3.47±0.28 


0.066 


3.61±0.29 


SC38 


2.B7±0.19 


9.52±0.B7 


1.38±0.07 


0.057 


3.23±0.26 


0.072 


3.40±0.27 


SC39 


2.74±0.19 


9.29±0.B5 


1.39±0.07 


0.072 


3.41±0.27 


0.092 


3.65±0.30 


SC40 


3.12±0.22 


10.66±0.75 


1.39±0.07 


0.078 


3.79±0.31 


0.092 


3.97±0.33 


SC41 


3.11±0.18 


10.21±0.61 


1.34±0.07 


0.079 


3.70±0.29 


0.095 


3.91±0.32 


SC42 


3.33±0.23 


10.96±0.77 


1.39±0.07 


0.081 


3.94±0.32 


0.098 


4.18±0.35 


SC43 


3.12±0.22 


10.31±0.72 


1.33±0.07 


0.091 


3.87±0.32 


0.119 


4.23±0.36 


SC44 


2.85±0.20 


9.42±0.66 


1.37±0.10 


0.085 


3.61±0.30 


0.105 


3.85±0.32 
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the post-IR IRSL at 225°C is bleachable by natural daylight/ 
sunlight (Buylaert et al, 2009). Therefore, this approach 
was further tested in this study for loess and loess deriva- 
tives from the Schwalbenberg section. Optically stimulated 
luminescence (OSL) of fine-grain (4-11 |im) quartz has also 
been widely used to estimate the deposition age of sediments 
(Schmidt et al. 2011 and references therein) and is usually 
regarded as an accurate and precise dating method. How- 
ever, the fast component of the quartz OSL, which is usually 
used for dating, saturates at doses between 200 and 400 Gy. 
Reliable quartz OSL age estimates were obtained for loess 
from the Middle Rhine area up to about 70 ka (Schmidt et 
al. 2011) and were in excellent agreement with post-IR IRSL 
results. 

Polymineral fine-grain material was taken from four 
samples for applying SAR protocols to determine the D e val- 
ues and the g-values to calculate the fading-corrected IRSL 
age estimates. D e measurements for all SAR protocols were 
performed with an automated Riso reader TL/OSL-DA-15 
equipped with a 90 Sr/ 90 Y beta source at the Leibniz Institute 
for Applied Geophysics (LIAG) in Hannover. A Schott BG 
39 and a Corning 7-59 filter combination passing the blue 
wavelength spectra between 320 and 460 nm were intercalat- 
ed between samples and photomultiplier for measurements 
including IRSL at 50°C and post-IR IRSL at 225°C. The polym- 
ineral fine-grains were bleached after preheat at 250°C for 60 
s with IR diodes at 50°C for 100s and subsequently lumines- 
cence-measured at 225°C for 100s. Within the applied post- 
IR IRSL protocol the standard IRSL signal at 50°C was also 
recorded. Thus it is possible to compare both the D e values 
and the fading rates for IR at 50°C and post-IR IRSL at 225°C. 
Performance tests were adopted to test the reliability of SAR 
protocols, e.g. dose recovery test and the determination of 
residuals, as shown in Table 3. 

Aliquots three each were bleached from four samples for 
four hours by a dr honle SOL2 solar simulator and then the 
apparent dose was measured in the usual manner. The re- 
sidual dose values range from 1.79±0.13 Gy to 1.84±0.13 Gy 
and from 4.75±0.33 to 6.40±0.39 Gy for IRSL at 50°C and for 
post-IR IRSL at 225°C, respectively. The SAR D e results are 
shown in Table 3. 

Dose recovery ratios were measured for four samples 
using the IRSL at 50°C and the post-IR IRSL at 225°C. Aliq- 
uots were first bleached in a dr honle SOL 2 solar simulator 
for four hours and then a dose of 100 Gy was given, which 
is approximately equal to their natural dose. The dose re- 
covery tests are between 0.89 and 0.99 and between 0.91 
and 0.98, respectively. Dose recovery tests after subtracting 
residuals yield values ranging from 0.88 to 0.97 and from 
0.85 to 0.93 for IRSL at 50°C and for post-IR IRSL at 225°C, 
respectively. Table 4 shows the individual dose recovery 
ratios for all aliquots. All dose response curves, for both 
IRSL at 50°C and post-IR IRSL at 225°C, were fitted using an 
exponential function. 

Laboratory fading 

No fading rates are available for the multiple aliquot ap- 
proach. To minimize fading, the samples were stored for at 
least four weeks between irradiation and measurements. 
Furthermore, the 10-25s integral of the IR decay curves was 



taken for IRSL D e determination; this part of the decay curve 
was found to show less fading than the initial part, e.g. the 
integral 0-ls. The laboratory fading rates were measured as 
an IRSL signal decrease over time on artificially irradiated 
aliquots. The same aliquots used for D e measurements were 
used for fading measurements, six per sample; the aliquots 
were bleached and a dose of 100 Gy was given. The preheat 
was applied immediately after irradiation and before stor- 
age. After storage ranging from repeated prompt measure- 
ments to delays up to 65 hours, the aliquots were measured. 
Fading rates for the IRSL signal at 50°C range from 1.6 to 
2.5%/decade, whereas for the post-IR IRSL signal at 225°C 
the fading rates are reduced ranging from 0.3 to 0.8%/decade. 
The less fading of the post-IR IRSL signal indicates that the 
post-IR IRSL signal at 225°C is more stable than the standard 
IRSL signal at 50°C. Following the suggestions of Thomsen 
et al. (2008) fading correction was not applied for g-values 
smaller than 1%/decade. 

Dosimetry 

Dose-rates for all samples were obtained from potassium, 
uranium and thorium content, as measured by gamma spec- 
trometry in the laboratory (Geological Institute, University 
of Cologne), assuming a radioactive equilibrium for the sedi- 
ments (Table 1). The measured in situ water content for sec- 
tion Schwalbenberg II was below 5% owing to decades of 
exposure. Therefore a water content of 15+5% was estimated 
for all samples. Alpha irradiation was carried out at the same 
institute with a 241 Am source for all samples to determine 
alpha efficiency (a value) (Table 1). 

Results 

The uranium, thorium and potassium content and total 
dose rates are shown in Table 1. The mean dose rate is 3.37 
Gy/ka and 3.58 Gy/ka for IRSL and TL, respectively, rang- 
ing from 2.59 Gy/ka to 4.23 Gy/ka for all dose rates. 

D e values, as determined by MA regeneration and addi- 
tive dose protocols, range from 61.8 to 196.4 Gray (Gy) and 
from 82.2 to 252.3 Gy for IRSL and TL, respectively. The 
mean IRSL/TL D e ratio is 0.74 and 0.77 for the MA regen- 
eration and additive dose protocol, respectively, indicating 
a significant average IRSL underestimation or TL overesti- 
mation very likely owing to insufficient bleaching prior to 
deposition (Fig. 3). 

Four main IRSL age cluster can be distinguished for the 
loess/palaeosol sequence at the Schwalbenberg II section. 

a. Lower Pleniglacial / early Middle Weichselian: IRSL age 
estimates between 55 and 45 ka 

b. Early Middle Pleniglacial / middle Middle Weichselian: 
IRSL age estimates around 40 ka 

c. Late Middle Pleniglacial/ late Middle Weichselian: IRSL 
age estimates between 35 and 25 ka 

d. Upper Weichselian: between 25 and 18 ka 

Samples SC 1-15 were taken from the lowermost 4 m of the 
profile, below the discontinuity at 4.0 m (Fig. 4 and 5). IRSL 
age estimates, as determined by the MA regeneration and 
additive dose protocol, range from 50.9±4.3 ka to 38.4±3.5 
ka and from 50.3±4.3 ka to 37.7±4.2 ka, respectively. TL age 
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Fig. 3: Comparison ofD e values, as determined by IRSL and TL applying the multiple aliquot approach. Rb = Reisberg Soil, Rl-5 = Remagen Soils 1-5, 
S 1-3 = Sinzig Soils 1-3. 

Abb. 3: Vergleich von D e -Werten mittels IRSL und TL im Multiple Aliquot Protokoll bestimmt. Rb = Reisberg-Boden, Rl-5 = Remagen-Boden 1-5, 

Sl-3 = Sinzig-Boden 1-3. 



estimates have a slightly higher mean age but are in agree- 
ment within the 1-sigma standard deviation with the IRSL 
age estimates for most of the samples (Table 2). The TL re- 
sults show a larger sample to sample scatter of D e values, 
very likely owing to incomplete bleaching, as TL needs more 
daylight exposure time for complete resetting than IRSL. 

Fading-corrected IRSL or TL age estimates are not avail- 
able for the subsamples measured by multiple aliquot pro- 
tocols. In order to minimize fading for aliquots measured 
by MA, samples were stored for at least four weeks after 
irradiation and prior to the measurement. Furthermore, the 
middle part of the IR decay curves was integrated, which is 
known to be the part of the IRSL decay curve showing less 
fading than the initial part of the curve. In order to test the 
reliability of the applied MA protocols, which were com- 
monly applied in the 1990s (e.g. Frechen 1994; Frechen 
et al.1995; Zoller et al.1991) for samples from the Middle 
Rhine area, single aliquot regenerative protocols were ap- 



plied using post-IR IRSL at 225°C and IRSL at 50°C including 
fading correction. Sample Sc 11 was chosen for comparison. 
The IRSL age estimates for IRSL at 50°C and post-IR IRSL at 
225°C are 53.9±4.8 ka and 57.0±4.7 ka, respectively. The latter 
mean IRSL age estimates are about 20% higher than those 
determined by MA protocols but are in agreement within 
the 1-sigma standard deviation and hence do not alter the 
chronostratigraphic interpretation significantly. 

Samples Sc 16-26 were taken between 4.00 m and 7.20 m. 
IRSL age estimates range from 39.7±3.6 ka and 40.4±4.4 ka 
(MA regeneration) and from 37.5±5.4 ka to 41.3±3.7 ka (MA 
additive dose) whereas TL age estimates are between 48.3±4.6 
ka and 63.5±7.3 ka (MA regeneration) and between 46.8±4.3 
ka and 35.0±3.9 ka (MA additive dose). TL results show a 
larger D e and age scatter most likely caused by incomplete 
bleaching. Neither IRSL age estimates nor TL age estimates 
show age increase for this part of the sequence Samples Sc 
27-39 were taken between 7.20 m and 9.80 m. IRSL age es- 
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Table 2: D e values, as determined by multiple aliquot protocols (additive dose and regeneration) and IRSL and TL age estimates. A delay between irradia- 
tion and measurement of at least four weeks and the late decay curve integral (10-25s) was taken for IRSL D e determination to minimize fading. However, 
fading-correction was not applied for these samples. 

Tabelle 2: D e -Werte mittels Multiple Aliquot Protokoll (additive Methode und Regenerierungsmethode) sowie IRSL- und TL- Alter. Zwischen Bestrahlung 
und Messung der Proben wurde mindestens vier Wochen gewartet und der hintere Teil der IR-Zerfallskurve wurde fur die D e -Bestimmung integriert, um 
so eventuell vorkommendes Fading zu minimieren. Eine Fading-Korrektur wurde nicht durchgefuhrt. 



Sample 


IRSL/REGEN 


IRSL/ADD 


TL/REGEN 


TL/ADD 


IRSL/REGEN 


IRSL/ADD 


TL/REGEN 


TL/ADD 


Equivalent dose in Gray [Gy] 


Age in 1000 years [ka] 


SCI 


190.2±5.4 


188.1±6.1 


224.6±20.2 


189.6±2.3 


50.9±4.3 


50.3±4.3 


56.3±6.8 


47.5±3.9 


SC2 


167.2±8.5 


158.U44.9 


205.2±14.1 


190.1±16.8 


46.5±4.4 


^.0±13.0 


52.5±5.7 


48.6±5.9 


SC3 


151.1±9.4 


134.6±5.9 


175.7±12.3 


164.1±2.9 


47.6±4.9 


42.4±4.0 


51.8±5.7 


H8A±H.2 


SC4 


151.5±8.8 


182.7±10.3 


155.0±8.8 


199.7±11.9 


^.0±4.3 


53.1±5.2 


42.0±4.2 


54.1±5.5 


SC5 


1*R1±10.4 


151.8±10.9 


173. 5±9.4 


184.3±9.3 


39.3±4.2 


mA±HA 


^.1±4.3 


46.9±4.5 


SC6 


1BB.B±8.B 


176.5±16.4 


18B.3±8.7 


190.8±9.2 


^.9±4.2 


47.6±5.8 


48.2±4.5 


49.3±4.6 


SC7 


183.7±9.1 


181.2±22.6 


207.2±8.0 


208.3±17.5 


50.0±4.7 


49.3±7.3 


53.3±4.8 


53.6±6.3 


SC8 


196.4±13.1 


1B5.8±26.1 


252.3±12.4 


179.1±20.7 


53.0±5.6 


^.7±7.9 


63.4±6.1 


45.0±6.4 


SC9 


171.9±16.2 


181.1±18.3 


204.9±20.9 


204.1±10.1 


48.2±6.0 


50.8±6.6 


55.2±7.2 


55.0±5.2 


SC10 


154.0±11.3 


156.3±3.1 


158.3±16.3 


1B0.2±5.7 


40.3±4.4 


40.9±3.4 


38.8±5.1 


39.2±3.5 


sen 


1B8.9±2.2 


172.7±25.8 


187.8±19.1 


173.9±3.6 


^.9±3.7 


45.9±7.8 


47.1±6.2 


43.6±3.7 


SC12 


141.9±9.7 


149.5±19.6 


1B3.3±10.3 


220.6±9.5 


48.2±5.0 


50.8±7.7 


50.3±5.2 


68.0±6.3 


SC13 


127.3±11.0 


122.8±11.7 


178.9±20.3 


1B7.2±6.3 


40.0±4.6 


38.6±4.7 


52.1±7.2 


^8.7±^.3 


SC14 


112.8±10.2 


99.5±13.0 


13B.2±13.0 


128.2±7.6 


33.5±4.0 


29.6±4.5 


39.2±4.9 


36.9±3.7 


SC15 


119.1±6.2 


116.9±9.3 


162.3±8.4 


157.4±7.2 


38.4±3.5 


37.7±4.2 


48.3±4.6 


^B.8±^.3 


SC1B 


125.9±6.1 


118.9±14.4 


161.9±8.8 


180.7±3.9 


39.7±3.6 


37.5±5.4 


49.2±4.6 


54.9±4.4 


SC17 


121.9±7.9 


127.3±10.5 


150.5±11.2 


163.3±5.2 


37.0±3.7 


38.6±4.4 


^.0±4.8 


47.8±4.1 


SC18 


113.1±8.5 






169.5±12.0 




37.1±4.0 




54.9±5.7 


SC19 


104.0±8.0 


90.6±11.2 


138.4±12.0 


120.6±6.7 


32.8±3.6 


28.6±4.2 


41.4±4.8 


36.0±3.5 


SC20 


101.9±14.3 






154.5±21.6 




33.5±5.3 




45.2±7.3 


SC21 


108.1±5.5 


115.4±5.8 


191.0±20.0 


201.0±10.5 


38.7±3.5 


41.3±3.7 


57.1±7.6 


60.1±5.9 


SC22 


107.8±12.3 


104.9±10.0 


156.4±25.7 


147.4±10.7 


34.5±4.8 


33.6±4.2 


48.3±8.8 


45.6±4.9 


SC23 


100.0±5.4 


80.9±7.2 


174.0±20.0 


124.8±9.3 


30.4±2.9 


24.6±2.9 


48.7±6.9 


35.0±3.9 


SC24 


103.5±10.8 






192.8±23.5 




36.6±4.7 




61.0±8.9 


SC25 


116.1±B.l 






205.8±9.1 




40.4±3.7 




67.9±6.0 


SC2B 


104.7±8.2 






179.7±14.9 




H0A±HA 




B3.5±7.3 


SC27 


91.3±6.4 


81.3±7.4 


165.5±28.1 


13B.5±13.1 


33.0±3/J 


29.4±3.5 


52.5±9.9 


43.3±5.4 


SC28 


81.8±7.5 


72.1±13.6 


151.8±12.1 


116.9±9.2 


31.1±3.7 


27.4±5.6 


51.3±5.8 


39.5±4/l 


SC29 


90.8±5.5 


92.6±11.5 


137.3±13.1 


148.7±10.0 


29.3+2.8 


29.9±4/J 


41.8±5.1 


45.3±4.7 


SC30 


98.5±4.8 


102.5±6.9 


113.4±8.8 


117.6±6.6 


27.8±2.B 


29.0±3.0 


30.7±3.4 


31.8±3.1 


SC31 


122.5±11.7 


115.5±27.7 


180.4±15.1 


192.1±15.7 


33.9±4.2 


32.0±8.1 


47.5±5.6 


50.6±5.9 


SC32 


95.8±4.4 


100.4±6.0 


120.7±6.0 


128.9±2.9 


25.9±2.4 


27.2±2.7 


32.0±3.0 


34.2±2.9 


SC33 


67.1±3.B 


67.7±3.2 


43.9±5.7 












SC34 


10B.6±9.9 


90.9±3.0 


161.5±13.4 


1^.2±7.2 


29.8±3.6 


25.4±2.2 


^.5±5.1 


39.7±3.7 


SC35 


111.8±4.1 


98.1±5.7 


119.6±11.0 


112.5±3.8 


32.1±2.7 


28.2±2.7 


33A±H.O 


31A±2.B 


SC36 


87.7±5.8 


90.9±21.5 


128.1±10.2 


127.8±7.8 


25.0±2.B 


26.0±B.5 


35.3±4.0 


35.2±3.5 


SC37 


96.4±4.4 


93.8±11.7 


132.4±13.3 


112.2±2.3 


27.8±2.5 


27.1±4.0 


36.7±4.7 


31.1±2.6 


SC38 


79.5±3.6 


77.6±6.8 


132.2±6.3 


116.4±3.9 


24.6±2.2 


24.0±2.8 


38.9±3.B 


34.2±3.0 


SC39 


74.2±1.7 






113.2±10.6 




21.7±1.8 




31.1±3.9 


SC40 


68.5±5.4 


B8.3±5.9 


93.3±19.9 


87.9±4.1 


18.1±2.1 


18.0±2.1 


23.5±5.4 


22.1±2.1 


scii 


67.6±4.7 


64.5±13.8 


118.9±14.8 


114.^10.8 


18.3±1.9 


17A±H.O 


30.4±4.5 


29.3±3.B 


SC42 


71.9±3.B 


68.0±9.3 


107.8±8.8 


97.9±7.2 


18.2±1.8 


17.2±2.8 


25.8±3.0 


23.4±2.6 


SC43 


B1.8±12.7 






97.2±17.9 




16.0±3.5 




23.0±4.7 


SC44 


B8.7±3.5 


B8.2±5.5 


94.1±7.3 


82.2±2.3 


19.0±1.8 


18.9±2.2 


24.5±2.8 


21A±1.S 
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IRSL ages in [ka] 



REGEN 



19.0 ±1.8 

16.0 ±3.5 

1B.2±1.8 

18.3 ±1.9 

18.1 ±2.1 



21.7 ±1.8 

27.8 ± 2.5 
32.1 ±2.7 

33.9 ±4.2 



29.3 ±2.8 
33.0 ±3.4 



40.4 ±3.7 
30.4 ± 2.9 

38.7 ±3.5 

32.8 ±3,6 
37.0*3.7 

36.4 ± 3.5 
40.0 ±4.6 



44.9 ± 3 J 

48.2 ±6.0 

50.0 ±4.7 

39.3 ±4.2 
47.6 ±4.9 

50.9 ±4.3 



ADD 



18.9 ±2.2 



17.2 ±2.8 

17.4 ±4.0 
18.0 ±2.1 



27.1 ±4.0 

28.2 ± 2.7 
32.0 ±8.1 



29.9 ±4.4 
29.4 ±3.5 



24.6 ±2.9 

41.3±3.7 
28.6 ± 4.2 

38.6 ± 4.4 

37.7 ±4.2 
38.6 ±47 



45.9 ± 7.8 
50.8 ± 6.6 

49.3 ±7.3 

41.4 ±4.4 
42.4 ± 4.0 

50.3 ±4.3 



Rhine Lower Middle Terrace 



TL ages in [ka] 



REGEN ADD 



24.5 ±2.8 
23.0 ± 4.7 

25.8 ± 3.0 

30.4 ± 4.5 

23.5 ±5.4 



31.1 ±3.9 
36.7 ± 4.7 

33.4 ± 4.0 

47.5 ± 5.6 



41.8 ±5.1 
52.5 ± 9.9 



67.9 ± 6.0 
48.7 ±6,9 

57.1 ±7.6 

41 .4 ±4.8 

44.0 ±4.8 

48.3 ±4.6 

52.1 ± 7.2 



47.1 ±6.2 

55.2 ±7.2 

53.3 ±4.8 

44.1 ± 4.3 
51 .8 ±5.7 

56,3 ±6.8 



21.4 ±1.9 



23.4 ± 2.6 

29.3 ±3.6 

22.1 ±2.1 



31.1 ±2.6 
31 .4 ±2.6 
50.6 ± 5.9 



45.3 ±4.7 
43.3 ±5.4 



35.0 ±3,9 

60.1 ±5,9 
36.0 ± 3.5 
47.8 ±4.1 

46.8 ±4.3 
48.7 ± 4.3 



43.6 ± 3.7 
55.0 ±5.2 

53.6 ± 6.3 

46.9 ±4.5 

48.4 ± 4.2 

47.5 ± 3.9 



Fig. 4: IRSL and TL age estimates 
applying the multiple aliquot 
additive dose and regeneration 
protocol. Rb = Reisberg Soil, Rl-5 = 
Remagen Soils 1-5, S 1-3 = Sinzig 
Soils 1-3. Legend see Fig. 3. 

Abb. 4: IRSL und TL-Alter mit dem 
Multiple Aliquot Protokollfur die 
additive Methode und Regener- 
ierungsmethode bestimmt. Rb = 
Reisberg-Boden, Rl-5 = Remagen- 
Bbden 1-5, S 1-3 = Sinzig-Boden 
1-3. Legende siehe Abb. 3. 



timates range from 33.0±3.4 ka and 21.7±1.8 ka and from 
29.4±3.5 ka and 24.0±2.8 ka, as determined by MA regenera- 
tion and additive dose protocols, respectively. TL age esti- 
mates are between 52.5±9.9 ka and 31.1±3.9 ka (MA regen- 
eration) and between 43.3±5.4 ka and 34.2±3.0 ka (MA addi- 
tive dose). The mean IRSL and TL values show a slight age 
increase with depth, whereas most of the single IRSL andTL 
age estimates are in agreement within the 1-sigma standard 
deviation. 

Samples Sc 29 and Sc 35 were chosen for further inves- 
tigation. Sample Sc 29 yielded IRSL age estimates for IRSL 
at 50°C and post-IR IRSL at 225°C of 30.3±2.7 ka and 30.6+2.6 
ka, respectively. MA protocols and fading-corrected ages, 
as determined by SAR protocols for IRSL at 50°C and post- 
IR IRSL at 225°C, are in agreement within the 1-sigma stan- 
dard deviation. A significant age underestimation for the 
MA IRSL and MA TL age estimates was not found for this 
sample. Sample Sc 35 yielded age estimates for IRSL at 50°C 
and post-IR IRSL at 225°C of 26.7±2.5 ka and 29.8±2.7 ka, 
respectively. MA protocols and fading-corrected SAR pro- 



tocols for IRSL at 50°C and post-IR IRSL at 225°C are also in 
agreement within the 1-sigma standard deviation. An age 
underestimation of 5.4 % was calculated for the MA IRSL 
but TL age overestimation of 5.6% was calculated for this 
sample, if compared with the fading-corrected IRSL age es- 
timates. 

Samples Sc 40-44 were taken from the uppermost part of 
the profile between 9.80 m and 13.20 m. IRSL age estimates 
range from 18.1±2.lkatol9.0±1.8ka (MA regeneration) and 
from 18.0±2.1 ka to 18.9±2.2 ka (MA additive dose) whereas 
TL age estimates are between 23.5±5.4 ka and 24.5±2.8 ka 
(MA regeneration) and between 22.1+2.1 ka and 21.4±1.9 ka 
(additive dose). Neither IRSL nor TL data indicates age in- 
crease with depth. Sample Sc 42 was further studied. IR at 
50°C and post-IR IRSL at 225°C yielded IRSL age estimates of 
23.6±2.7 ka and 25.8±2.2 ka, respectively. IRSL andTL show a 
significant age underestimation for sample Sc 42, if compared 
with the fading-corrected IRSL at 50°C and post-IR IRSL at 
225°C age estimates. IRSL age underestimation exceeds the 
1-sigma standard deviation but is in agreement within the 
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Fzg. 5: MA IR5L age estimates (black) and fading corrected post-IR 
at 225°C age estimates (red). Rb = Reisberg Soil, Rl-5 = Remagen 
Soils 1-5, S 1-3 = Sinzig Soils 1-3. Legend see Fig. 3. 

Abb. 5: Multiple Aliquot IRSL-Alter (schwarzer Balken) und 
fading-korrigierte post-IR IRSL (225°C)- Alter (roter Balken). Rb = 
Reisberg-Boden, Rl-5 = Remagen-Boden 1-5, Sl-3 = Sinzig-Boden 
1-3. Legende siehe Abb. 3. 



2-sigma standard deviation. The MA TL age estimates are in 
agreement with the fading-corrected age estimates. 

Discussion 

The upper part of the penultimate glacial fluvial deposits 
(below m 0) is truncated, resulting in a hiatus (Keldach Dis- 
cordance), which includes at least parts of the last intergla- 
cial (MIS 5e) and early last glacial record (MIS 5d-a). 

The lower part (0.00 to 3.20m) of the loess/palaeosol se- 
quence correlates to the Keldach Formation. The oldest loess- 
like sediments yielded IRSL and TL age estimates ranging 
from about 55 to 50 ka at its base. The fading-corrected IRSL 
age (SAR IR at 50°C) gave 53.9±4.7 ka and the post-IR IRSL 
(225°C) yielded 55.5±4.5 ka. These ages are rather young for 
early MIS 4 deposits, that start with 74-79 ka after ice core 
ages. Moreover, the luminescence ages of this lower loess 
may contain tendencies being even younger owing to the 
solifluidal facies of this lower loess, which very likely results 
in insufficient bleaching prior to deposition (which does re- 



sult in age overestimation). Thus, this physical data rise the 
cautious question whether this lower loess could be an ad- 
ditional part of the Ahrgau Formation (MIS 3). 

From litho-pedological aspect this lower loess unit is as- 
signed by Schirmer (1990: 107, 1991, 2000a, 2000b, 2002, 2010 
and 2011) to the Weichselian Lower Pleniglacial (MIS 4) for 
the following reasons: 

- The widely distributed early loess between the Rocourt 
Solcomplex (MIS 5) and the soil complex of the Ahrgau 
Formation (MIS 3) is extraordinary thick here. 

- Schirmer (2000a, b, 2011) suggested, that the Ahrgau-For- 
mation with its soils matches excellently to the range of 
the Greenland Interstadials 17 to 6 by its account of soils, 
vertical distance of the soils, their rhythmic arrangement 
and their intensity indicated by the soil property curves. 
Thus, following Schirmer (2011), the lower loess must be 
older than GIS 17, and hence at least of MIS 4 age. 

- Moreover, the loess facies of this lower loess is through- 
out solifluidal loess, which is typical for the Keldach For- 
mation (MIS 4) in whole central Europe. 
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Tab. 3: D e values and age estimates, as determined by the SAR protocol for IR at 50°C and post-IR IRSL at 225°C including fading-corrected age estimates. 
Tab. 3: D e -Werte und Alter mittels SAR-Protokolle fur IR (50°C) und post-IR IRSL (225°C) bestimmt sowie die fading-korrigierten IRSL-Alter. 



Sample 
ID 


Post-IR IRSL at 225°C 


IRat50°C 




Mean De [Gy] 


g-value 


Uncorrected 
pIRIR Age [ka] 


Mean De [Gy] 


g-value 


Uncorrected 
IR50Age[ka] 


Fading-correct- 
ed IR50Age[ka] 


Sc42 


76.5±1.8 


0.8±0.1 


24.1±2.1 


B0.6±0.5 


2A±D.l 


19.1±2.2 


23.6±2.7 


Sc35 


108.0±4.2 


0.6±0.1 


28.3±2.6 


88.6±4.9 


1.6±0.3 


23.2±2.1 


26.7±2.5 


Sc29 


112.5±2.5 


0.6±0.1 


29.1±2.5 


93.7±4.8 


2.5±0.1 


2^.2±2.2 


30.3±2.7 


Sell 


159.8±3.9 


0.3±0.1 


55.5±4.5 


129.2±7.1 


2.0±0.2 


44.9±3.8 


53.9±4.7 



Tab. 4: Results of performance tests including dose recovery tests and the determination of the residuals. 

Tab. 4: Ergebnisse der methodischen Voruntersuchungen inklusive dose recovery tests und das Bestimmen des unbleichbaren Rests („residuals"). 



Sample 
ID 


Post-IR IRSL at 225°C 


IRat50°C 




Mean dose recovery 
ratio 


Dose recovery after 
residual subtraction 


Mean residual dose 
[Gy] 


Mean dose recovery 
ratio 


Dose recovery after 
residual subtraction 


Mean residual dose 
[Gy] 


Sell 


0.94±0.04 


0.87±0.0B 


6.40±0.39 


0.93±0.02 


0.91±0.07 


1.79±0.13 


Sc29 


0.91±0.01 


0.85±0.15 


6.32±1.15 


0.99±0.02 


0.97±0.04 


1.69±0.0B 


Sc35 


0.94±0.01 


0.89±0.14 


5.54±0.86 


0.89±0.00 


0.88±0.0B 


1.85±0.12 


Sc42 


0.98±0.02 


0.93±0.07 


4.75±0.33 


0.95±0.0B 


0.93±0.09 


1.84±0.13 



- Also, the grain size curve with coarse silt prevalence and 
organic carbon curve with low values plead for this as- 
signment (Schirmer 2011). 

- In addition, the grain size curve shows enhancement of 
sand in the lower part of this loess unit, which is also 
a common feature in central Europe (Schirmer 2011), 
whereas sand accumulation from the base of the Middle 
Pleniglacial soil complex is not recorded. 

- The weak Reisberg cambisol fits well to the Keldach For- 
mation, which shows two weak soils in its lower part 
(Schirmer 2002: 19). 

- Consequently, from litho-pedostratigraphical point of 
view a link of the lower loess to the Ahrgau Formation 
is unlikely. 

From a chronological point of view the calculated lumi- 
nescence age estimates and thus the deposition ages are 
younger than 60 ka, and hence correlate to MIS 3. Further- 
more, it is even very likely that the sediments from soli- 
fluidal facies are even age overestimated, which would re- 
sult in even younger deposition ages. As the location of the 
Schwalbenberg section is close to the river plain and the 
confluence of rivers Rhine and Ahr, it is very likely that a 
great part of the sediment is of local origin, hence has un- 
dergone a near-distance aeolian transport. This fact would 
again result in age overestimation of the sediments owing 
to insufficient bleaching, which was shown for TL age esti- 
mates. However, we believe that insufficient bleaching ow- 
ing to short-distance transport very likely is a minor prob- 
lem for the sediments under investigation. 

The second unit (3.2-6.8 m), including the Lower and 
Upper Remagen-Subformation, R1-R5, gives deposition 
ages around 40 ka by means of litho-pedostratigrapy and 



chronology. This part of the sequence correlates to the 
Middle Weichselian Pleniglacial (MIS 3). An age increase 
with depth is not determined, indicating a relatively 
fast deposition for the exposed 3.60 m of sediments. The 
existence of five fossil brown cambisols (R1-R5) within 
this unit let us expect a more extended amount of time 
than the 1-sigma standard deviation of the dating method, 
which is about ±10% and thus equals about 8 ka for this 
unit. These ages of the Remagen Soils are in the range of 
the lower Middle Weichselian weak brown soil at section 
Toenchesberg (Boenigk & Frechen 1999). 

The third unit including the three Sinzig Soils or Sinzig- 
Subformation (Schirmer 2011) between 6.80 and 10.30 m 
gives IRSL ages between about 35 and 25 ka. The fading- 
corrected post-IR IRSL age estimates are about 30 ka. An 
age increase with depth is within the 1-sigma standard de- 
viation indicating a high dust accumulation rate. The Sinzig 
pedocomplex correlates with the late Middle Weichselian. 
Zoller et al. (1991) reported two TL age estimates from a 
profile located in the vicinity of the section under study. 
These two TL age estimates are in good agreement with ra- 
diocarbon ages and are within the error in agreement with 
the results of this study. Finds of Middle to Upper Palaeo- 
lithic artifacts, which are contemporaneous with the Au- 
rignacien or Gravettien (App et al. 1987), were investigated 
from a palaeosol near the Schwalbenberg II section. 

The stratigraphically youngermost unit between 10.30 
and 13.20 m gives IRSL andTL age estimates between about 
25 and 18 ka. The fading-corrected post-IR IRSL at 225°C 
gives deposition ages of about 25 ka making a correlation 
with the Upper Weichselian most likely. The dust accumu- 
lation was most likely very high as no age increase with 
depth was found for this uppermost unit. The mass ("dust") 
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accumulation rates gave high values (Frechen et al. 2003) 
for the area of interest, at least for the Upper Pleniglacial 
and Late Glacial period. 

The Upper Weichselian record is not complete, most 
likely owing to the morphological position close to the 
steep cut of the river Rhine. A more complete record for 
the Upper Pleniglacial was previously described from the 
right site of the Rhine valley near to the village of Ock- 
enfels (Preusser & Frechen 1999), where several tundra 
gleysols, a brown arctic meadow and the Eltville Tephra 
are intercalated in the Upper Weichselian loess. 

Conclusion 

The multiple aliquot protocol based IRSL and TL data and 
those of the single aliquot regenerative protocol based 
post-IR IRSL at 225°C and fading-corrected IR at 50°C show 
that the fading-rate is small for the loess and loess deri- 
vatives from the Schwalbenberg II section. The age differ- 
ence is within the error, the 1-sigma standard deviation, 
for most of the samples. Our results are in agreement with 
those of Schmidt et al. (2011) for the Tonchesberg sec- 
tion situated in the East Eifel Volcanic Field. From a strati- 
graphical point of view, there is disagreement between the 
litho-pedostratographical and the chronological approach 
for the stratigraphically oldest unit, the latter one is desig- 
nated to correlate to MIS 4 by means of litho-pedostratig- 
raphy but gives deposition ages between 55 and 45 ka. For 
the three stratigraphically younger units Middle and Upper 
Weichselian deposition ages were determined, which is in 
agreement with the litho-pedostratigraphical approach. 
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Data for the annual variability of aeolian sediments is obtained from continuous and high resolution |iXRF geochemistry within 
maar lake sediments from the last 60 kyrs. Two sediment cores from Eifel maar lakes and dry maars (Germany) were analyzed, 
which covering the glacial inception of MIS-3, LGM and MIS-2, transition I as well as the Holocene. The energy dispersive XRF 
scanning is obtained on resin impregnated blocks of the sediment, which are the basis for the production of petrographic thin 
section. Thus, the measurement results can directly be compared with micro facies analysis. Quantification of the Eagle III 
uXRF carried out on one sediment core, using the standard free fundamental parameter method, shows that this quantification 
method gives suitable results by comparison with WD-XRF analysis of discrete samples. Each single maar differs in lithologi- 
cal composition, which is reflected in the geochemistry, too. The major processes of element deposition in lakes are therefore 
described, i.e. the different sedimentation and weathering processes as well as the circulation of the water body of the lake. 
Following on from this, it is shown that it is possible to derive an aeolian sediment signal by using principle component analysis 
of standardized variables. Because further knowledge about the lithology and environmental background is available (from the 
petrographic thin sections) it can be demonstrated that this principle component analysis approach gives reliable results for all 
the time slices investigated. The most prominent element for describing dust in both investigated cores Ca, which reaches high- 
est values (>5 wt-%) during glacial conditions and which have major influence on the dust factor obtained by principal com- 
ponent analysis. In combination with grayscale values both the Ca content and the dust factor serve to, calculated by principal 
component analysis, the serves to record aeolian dust in laminated lake sediments. In both cores periods with major dust events 
could be detected by uXRF geochemistry: during MIS-3 the largest Heinrich event H4 and the onset of dust increase coupled 
to the glacial inception of the Pleni-Weichselian, further on the whole MIS-2 including LGM and YD as well as enhanced dust 
supply forced by human activities since the Subboreal. 

(Moglichkeiten der Detektion aolischen Staubs mittels |jXRF-Scannen von Maarseesedimenten aus der Eifel) 

Mittels kontinuierlicher und hochauflosender uXRF-Geochemieanalysen wird die Variabilitat aolischer Sedimente der letzten 
60.000 Jahre rekonstruiert. Dazu werden zwei Sedimentbohrkerne jeweils aus einem Maarsee und einem Trockenenmaar (Eifel, 
Deutschland) untersucht. Beide Kerne umfassen das letzte Glazial, einschlieftlich des MIS-3, des LGM und MIS-2, Transition I als 
auch das Holozan. Die energiedispersive RFA-Messungen der Eagle III uXRF wird direkt an Harz impragnierten Proben ange- 
wendet. Diese sogenannten Tranklinge bilden die Grundlage fur die Herstellung von petrographischen Dunnschliffen und somit 
konnen die Messergebnisse direkt mit einer Mikrofaziesanalyse verglichen werden. Anhand eines Sedimentkerns wird gezeigt, 
dass eine Quantifizierung der |iXRF-Ergebnisse mittels der Fundamentalparametermethode geeignete ist. Eine Oberprufung der 
Ergebnisse findet dabei mit wellenlangen-dispersiven RFA-Messungen an diskreten Proben start. Die Ergebnisse zeigen, dass 
sich jedes einzelne Maar in der lithologischen Zusammensetzung und damit auch geochemisch unterscheidet. Deshalb wird 
auf die grundlegenden Prozesse der Elementdeposition in die Seen eingegangen, die mit der Ablagerung von Sedimenten, der 
Variabilitat der chemischen Verwitterung oder der Wasserzirkulation in Zusammenhang stehen. Mittels Hauptkomponenten- 
analysen standardisierter Variablen ist dariiber hinaus die objektive Ableitung eines aolischen Sedimentsignals moglich. Es wird 
gezeigt, dass dieser Ansatz verlassliche Ergebnisse fur alle untersuchten Zeitabschnitte liefert, solange fur die Interpretation 
weitere Kenntnisse uber die Lithologie und Palaookologie zur Verfiigung stehen. Das auffalligste Element zur Charakterisierung 
von Staub ist in beiden untersuchten Kernen Kalzium. Die hochsten Werte (>5 Gew.-%) werden wahrend vollglazialer Bedin- 
gungen erreicht. Kalzium hat einen wesentlichen Einfluss auf den Staubfaktor der Hauptkomponentenanalyse. Eine zusatzliche 
Kombination der Kalziumgehalte mit dem Staubfaktor der Hauptkomponentenanalyse sowie Grauwertmessungen verbessert 
den Nachweis aolischen Staubs in laminierten Seesedimenten zusatzlich. In beiden Kernen konnten Sedimente mit erhohten 
Staubkonzentrationen geochemisch nachgewiesen werden: Wahrend des MIS-3 sind das vor allem das groBte Heinrich-Ereignis 
H4 sowie der Anstieg des atmospharischen Staubgehalts wahrend der Wiedervereisung der Inlandsgletscher. Weiterhin ist das 
gesamte MIS-2 einschlieftlich LGM und der Jungeren Dryas von starker Staubdeposition charakterisiert. Eine erhohte Staubkon- 
zentration ist ebenfalls ab dem Subboreal nachgewiesen und wird als anthropogene Aktivitat gedeutet. 

juXFR, geochemistry, lacustrine sediment, aeolian sediment, last glacial cycle, PCA 
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1 Introduction 



The investigation of long continuous aeolian sediment 
records, such as loess profiles or dunes are widely used to 
reconstruct the environmental and climate variability. Long 
records cover several glacial cycles and are primarily known 



from the large loess plains in Asia or from the Carpathian 
basin. Profiles with the possibility to archive annual resolu- 
tion are less common. The West-Eifel Volcanic Field (WEVF), 
Germany, provides such records in maar lakes. Without a 
fluvial inlet, these lakes are perfect sediment traps for aeo- 
lian deposits (Dietrich & Sirocko 2009, Pfahl et al. 2009). 
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Fig. 1: Geological sketch map of the Eifel region and position of the cores SM3 (maar lake Schalkenmehren) and DE3 (Dehner dry maar). The map is based 
on the Geological Map of Germany (BGR, 1993), locations of dry maars after Buchel (1994). 

Abb. 1: Geologische Ubersichtskarte der Eifel mit den Positionen der beiden Bohrkerne SM3 (Schalkenmehrener Maar) undDE3 (Dehner Trockenmaar). Die 
Karte basiert aufder Geologischen Ubersichtskarte von Deutschland (1:1 000 000; BGR, 1993), Lokationen der Trockenmaare nach Buchel (1994). 



Furthermore, although the sediments do not show annual 
lamination, they are stratified by event layers due to an- 
oxic conditions at the lake bottom (Zolitschka et al. 2000, 
Sirocko et al. 2005). 

The detection of aeolian deposits in lake sediments is 
possible by using different approaches like micro facies 
analysis, measuring the minerogenous component of the 
bulk sediment (e.g. Zolitschka 1998), magnetic suscep- 
tibility (e.g. Yancheva et al. 2007) or grain size analysis 
(e.g. Seelos et al. 2009, Sun et al. 2002). However, in this 
study a geochemical scanning approach is applied to meas- 
ure aeolian deposits. High resolution geochemical analy- 
sis of lacustrine sediments offers a reliable method for in- 



vestigation of environmental changes in the past (Boyle 
2001, Boyle 2000, Engstrom & Wright 1984, Melles et 
al. 2007). The potential of X-Ray fluorescence (XRF) core 
scanning is based on the rapid and non-destructive acqui- 
sition of high-resolution geochemical data from lacustrine 
sediment cores. This facilitates new approaches to many 
applications in paleolimnology, including pollution de- 
tection, varve counting, and estimation of past ecosystem 
productivity (Francus et al. 2009). The jiXRF scanner ac- 
quires bulk-sediment chemical data with sufficient accu- 
racy for major elements (Boyle 2000). Although elemental 
intensities are predominantly proportional to concentra- 
tion, they are also influenced by the energy level of the 
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X-ray source, the count time, and the physical properties 
of the sediment, such as the poorly constrained measure- 
ment geometry attributable to inhomogeneity of the speci- 
mens (e.g. variable water content and grain-size distribu- 
tion), and irregularities of the sample surface (Weltje & 
Tjallingii 2008, Rothwell et al. 2006). Nevertheless, the 
XRF methodology is a widely accepted, semi-quantitative 
core logging method that provides records of changing ele- 
ment intensities expressed in "total counts", reflecting the 
geochemical composition of the sediments. Quantitative 
analysis is made more difficult by matrix effects especially 
for light elements such as Al and Si (Boning et al. 2007). 
Reasons include the pore volume of interstadial water or 
resin or the roughness of the sediment surface. However, 
a recent approach to calibration of XRF core scanners for 
quantitative geochemical logging is applied by Weltje & 
Tjallingii (2008) or Kido et al. (2006). Beside the direct 
measurement of the core surface via core loggers the anal- 
ysis of resin impregnated samples (RIS) is demonstrated in 
a growing number of studies. The single 10 cm long RIS 
are taken continuously down core. The pore volume of the 
sediment is substituted by resin during the production of 
the RIS. These geochemical data can be directly assigned to 
micro-facies data because XRF scanning has been carried 
out on the same impregnated sediment blocks from which 
thin sections can be prepared. High resolution applications 
are shown by different studies for example by Sorrel et 
al. (2007) or Brauer et al. (2008). The latter authors have 
applied a geo-chemical major element micro-X-ray fluores- 
cence scanner at 50 urn resolution providing geochemical 
information for individual seasonal layers (5-8 data points/ 
varve for the Allerod; 20-30 data points/varve for Younger 
Dryas) to investigate the structure and seasonal composi- 
tion of varves. The first successful implementation of XRF 
techniques for the provenance analysis of dust is shown by 
Neff et al. (2008). 

The objective of the work is to separate of different 
lithofacies, especially the aeolian input into the lake en- 
vironment, by means of [iXRF geochemistry and to test if 
[iXRF data are not only a general paleoclimate signal but 
can be used to quantify the aeolian fraction directly to 
achieve dust records with annual resolution. In this study, 
we demonstrate how aeolian sediment within maar lake 
sediments might be classified by certain elements and new 
factors, calculated by principal component analysis (PC A). 



2 Material and Methods 



2.1 Cores and drilling locations 



The west Eifel volcanic field (Germany) is characterized by 
more than 70 maar lakes and dry maar lakes (Buchel 1994). 
Two sediment cores, namely SM3 (N50°10'11.6", E6°5l'3l"), 
from lake Schalkenmehren and DE3 (N50°17'35.5", 
E6°30'22.7", 88 m depth) from the Dehner dry maar (Dehner 
Trockenmaar) were drilled in a maar lake and a dry maar, 
respectively (Fig.l). On the Eastern side of lake Schalken- 
mehrener Maar an older dry maar is located which is con- 
nected to the lake by a marsh. Earlier fluvial input into the 
maar lake from this extended catchment could be proved 



until the Medieval Times (Straka 1975). The rim of the 
Dehner dry maar exhibits a pronounced roundness and 
shows no ancient fluvial inflow but does have an outflow 
to the Northwest. The core SM3 from lake Schalkenme- 
hrener Maar was drilled using a swimming platform and 
a piston corer (UWITEC, Austria), DE3 was drilled with 
the 'Seilkernverfahren'. These two cores from the ELSA 
repository (Eifel Laminated Sediment Archive) cover to- 
gether the main periods with major climate changes of the 
last 60 kyrs, including the marine isotope stages MIS-3 and 
MIS-2 (DE3), and transition I as well as (anthropogenic) 
dust events during the Holocene (SM3). In total 82 meters 
of sediment cores with an average sedimentation rate of 
1.5 ±0.5 mm/yr are analyzed. The sediments consist of de- 
trital bearing sediment that documents weather extremes 
(flash floods and aeolian dust) or gyttja, containing a high 
amount of organic matter that documents past water con- 
ditions (temperature, nutrient content, pH), which are re- 
corded in the remains of plants and animals that lived in 
the lake. 

2.2 Chronology and lithology 

The stratigraphy for both cores is published in Sirocko (Ed. 
2009). The core SM3 spans the Holocene and the core DE3 
from the Dehner dry maar covers the time span from MIS 4 
to the eruption of Lake Laach (Laacher See). In DE3 a piece 
of spruce could be dated by radiocarbon to 45.8 +1.2 -1.04 
kyrs BP at 55.56 m depth. Between these time marks are 
four stadial-interstadial sequences shown by high organic 
matter and therefore dark brownish color (Fig. 2). The te- 
phra of the eruption of lake Laach (the Lacher See Tephra, 
LST, at 12.9 kyrs BP, van den Bogaard 1995, Worner & 
Schmincke 1984) is identified geochemically (Veres, pers. 
comm.) in the core, SM3 at 6.5 m and in DE3 at 3.4 m depth. 
Thus, the LST is used as a tie point to merge both cores to a 
stack, which covers the last 60 kyrs. 

Core DE3 (Fig. 2) shows significant changes in environ- 
mental and climatic conditions in its sediments and oscillates 
between warm and organic-rich and dust-rich glacial condi- 
tions. Starting at the bottom sequence of the core, dark brown 
gyttja is dominant and implicates an interstadial character 
between 70 and 50 m. At 43 to 41 m depth single but rather 
strong dust events had been deposited and the sediment has 
a brighter color until 40.50-38.90 m where dark, organic-rich 
matter recurs. Volcanic ashes from Eifel volcanism, mostly 
with unknown certain origin, cumulates between 80-78 m, 
and between 51-37 m. In the core meter 36 a slide is recorded 
as a decimeter large fold. The following ten meters are domi- 
nated by light brown gyttja with increasing dust influence. 
The content of aeolian sediment reaches the highest level at 
26 m and keeps stable until 10 m depth. The next eight meters 
dust is decreasing and at 8 m the first grass pollen appears (Si- 
rocko ed. 2009). Between 7 and 2.8 m the content on organic 
matter is increasing, whereas the uppermost core sequence 
is characterized by debris flow/solifluction debris. The core 
SM3 (Fig. 3) is fine laminated in the uppermost 6 meters with 
an high amount of organic gyttja between 3-5 m. From 6.5 m 
down core, the sediment changes significantly to loess gyttja 
with a bright grey color, showing a strong influence of aeo- 
lian sediments during this period. 
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Fig. 2: Core photography and time marks (tuned to the Greenland ice core GICC05 stratigraphy (Svensson et al. 2008) of the core DE3. The ash of the LST is 
clearly visible at 3.5 m depth. The core sections between 35 and 10 m is dominated by single strong dust events (Seelos et al. 2009; Dietrich & Seelos 2010) 
and represent the time of the Middle Weichselian. Modified after Sirocko (Ed. 2009). 

Abb. 2: Kernfotografie und Altersmarken des Sedimentkerns DE3. Das Altersmodell basiert auf 14C-Datierungen, Tephrochronologie und ist mit der 
GICC05-Stratigrafie der Gronlandischen Eiskerne abgestimmt (Svensson et al. 2008). Die Laacher-See-Tephra (LST) ist in 3,5 m Tiefe deutlich erkennbar. 
Die Kernsequenz zwischen 35 und 10 m wird durch aolischen Staub dominiert (Seelos et al. 2009; Dietrich & Seelos 2010) und reprasentiert den Zeitraum 
der Weichsel-Vereisung. Uberarbeitet nach Sirocko (Ed. 2009). 
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Fig. 3: Core photography and time marks of the core SM3. The ash of the 
LST is clearly visible (6.3 m depth). The deeper core sequence is dominated 
by bright colored aeolian sediment of the late Weichselian. 

Abb. 3: Kernfotografie und Altersmarken des Sedimentkerns SM3. Die LST 
ist in 6,3 m Tiefe deutlich zu sehen. Die untere Kernsequenz ist durch die 
hellen aolischen Sedimente der spaten Weichselkaltzeit gekennzeichnet. 



2.3 Evaluation of chemical data 

The three core sections were scanned for selected elements 
at 1 mm resolution using the energy dispersive X-ray fluo- 
rescence scanner Eagle III (Rontgenanalytik MeBtechnik 
GmbH, Germany) of the University of Mainz (Germany). 
The [iXRF was used to measure major elements (e.g., Mg, 
Al, Si, P, S, K, Ca, Ti, Mn, and Fe) as well as trace elements 
(Sr, Zr, Cr, Ni, Cu, and Zn) on 10 cm long resin impregnated 
samples. Na is too light for detection via the Eagle III and 
is therefore not included in this study. The Araldite(R) im- 
pregnated blocks are a spin-off from to the production of 
thin sections (Dietrich & Sirocko 2009). Thus, the geo- 
chemical results can be directly interpreted in context with 
micro facies analysis. The [iXRF scanner acquires bulk- 
sediment chemical data from these samples. Scans of pure 
Araldite indicate zero counts of the investigated element 
and thus do not bias the results. Although elemental in- 
tensities are dominantly proportional to concentration, 
they are also influenced by the energy level of the X-ray 
source, the count time, and the physical properties of the 
sediment (Rohl & Abrams 2000). The data were collected 
every 1 mm down-core with a 300 \mv spot size of the X-ray 
beam. The generator setting was of 30 kV and 500 |iA with 
a sampling time of 16 seconds and a mean death time of 
30 [is. The sample chamber is evacuated during measure- 



ment, thus light elements like Si and Al are also stimulated. 
The emitted fluorescence radiation is detected by an energy 
dispersive Si(Li)-detector with an area of 30 mm 2 and an 
energy resolution of 135 eV at maximum. 

Discrete reference samples are taken from core DE3 
and glass beads with a five times dilution are measured 
by a Philips MagiXPRO via WD-XRF method (Rh-anode, 
3.2 KW). The quantification is based on international stand- 
ards (Govindaraju 1989). This study also examines wheth- 
er a quantification of the Eagle III [iXRF using the standard 
free fundamental parameter method is suitable. The alter- 
native is using the intensities as relative results in combi- 
nation with quantified but independent measurements by 
WD-XRF methodology. 

2 A Statistical processing of the data 

Core sequences with reworked material were removed 
from the original data set. High amounts of resin (e.g. 
cracks caused by sample preparation) were detected by 
a locally low sum of measured intensities and are subse- 
quently removed. Therefore a threshold of 500 cps was 
evaluated empirically. 

A principal component analysis (PCA) was performed 
to detect different lithological facies, such as dust, by using 
inorganic geochemical data. The PCA was used to objec- 
tively describe the differences and similarities between the 
elements and to reduce the number of variables by show- 
ing the main variance of the data set by only a few factors. 
The factor loadings give the correlation between the newly 
found factor and the respective element. The higher the in- 
fluence of an element for the factor, the higher is the factor 
loading. For all cores the following steps were performed 
before applying the PCA: (a) Using all measured values at 
1 mm resolution results in a total sample amount of several 
thousands. Hence, data are resampled after smoothing us- 
ing a Gaussian kernel filter with a 20 point window size to 
give a sample amount less than 1000. (b) Most of the pa- 
rameters exhibited a pronounced skewness. PCA as well as 
Pearson correlation give unbiased results only for Gaussian 
distribution, which would be especially crucial for small 
data sets. However, the data were log transformed and z- 
normalized to zero mean and unit standard derivation for 
each parameter separately in order to weight equally the 
different parameters in the multivariate analysis, (c) Subse- 
quently, outliers were removed by deleting values greater/ 
less than mean plus/minus three time standard derivation 
of each measured element (includes 99.7% of all normal dis- 
tributed values). The amount of significant and nontrivial 
new variables is measured using the scree test. Sulfur is not 
considered in the PCA since it correlates less well to the 
reference values and did not change the major findings of 
the PCA. However, S is known to be precipitated as pyrite 
and is thus a proxy for anoxic conditions of the bottom wa- 
ter. The concentration of an element in the lake sediment 
depends on the amount of influx and the degree of preser- 
vation of this element (Engstrom & Wright 1984). Thus, 
the new calculated variables (principal component factors) 
are controlled by the same mechanisms of influx and pres- 
ervation. For all numerical analysis MATLAB (TheMath- 
works, version 2009b) were used. 
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3 Results 



3.1 Calibration of jjXRF results 



The results of the [iXRF scanning are presented as intensi- 
ties (counts per second, cps). Since core DE3 is one of the 
most important cores of ELSA, discrete (and destructive) 
sample analysis using the WD-XRF is obtained to evalu- 
ate the intensity values given by the ED-XRF scanner with 
certain element concentrations (Tab. 1). For most elements 
(Al, Ti, Fe, Mn, Mg, Ca, Zr) good correlation (R2 > 0.75) can 
be observed between the intensities counted by the Eagle 
III [iXRF and the corresponding measured concentrations 
(Tab. 2). The correlation was also checked for the stand- 
ard-free quantification (fundamental parameter method) 
for weight percentages and atomic percentages. While the 
main elements fit quite well, Zr is the only trace element 
which shows an acceptable correlation between the meas- 
urements by WD-XRF and the intensities but does not have 
a significant correlation with the quantified results. How- 
ever, Si matches better with the calculated weight percent- 
ages than with the intensity. The elements Cr, Ni, Cu, and 
Zn which show only weak correlation with the WD-XRF 
results are not further considered in this study. In the fol- 
lowing the intensities are represented for the core SM3 and 
for DE3 weight% are shown because of good correlation 
between the ED- and WD-XRF results. 



3.2 The elemental stratification 



The comparison of the geochemical stratification (Fig. 4, 5) 
with the lithology of each single core leads to the sugges- 
tion, that Ca, Si and, K are the most prominent elements for 
the classification of aeolian sediments. 

Core DE3 covers a time period from MIS 3 -MIS 2, includ- 
ing the glacial inception of the late Weichselian ice sheets. 
However, single but severe dust events can be found be- 
tween 43-41 m depth, which corresponds to the marine H4 
event (Hemming 2004), and beginning at 36 m the content 
of aeolian sediment is increasing, culminating in the last 
glacial maximum (LGM). Best correspondence with the 
lithological stratification can be found with the Si, Ca, and 
Zr. The stratification of the elements Si, Al, and Ti differ 
in the core DE3 (Fig. 4a, b). Si shows an overall increasing 
trend over the whole core section (from bottom to top), 
starting from around 60 wt.-% up to 70 wt.-%. The core sec- 
tion from 5-25 m has the highest content of Si with a slight 
increase between 15-25 m, while content in the core sec- 
tions from 36-38 m and 58-60 m are decreases in relation 
to the overall trend and corresponding to an increase of 
organic matter in the sediment. In the core DE3 Ca is ob- 
viously enriched (CaO content around 5 wt.-%) in the up- 
per section, with a depression between 10 and 20 m depth. 
Lower down core the content is around 1 wt.-% and reaches 
only higher values at 39 m, between 41-45 m, and in places 
between 59-68 m. The strong shift at 33 m depth from low 
to high amounts of Ca and Zr coincides with the last glacial 
ice advance of the late Weichselian, when the climate be- 
came colder and dryer and thus deflation processes became 
more frequent. Al and Ti are anti-correlated relating to Si 
and Mg and K are anti-correlated to Ca, showing a strong 



decrease between 33 and 25 m. Thus, these elements do not 
reflect a signal of allogenic aeolian input. Higher amounts 
of Al (around 15 wt.-%) correspond with the increase of 
gyttja and thus with an increase of chemical weathering 
due to more precipitation. 

In the Holocene core SM3, the elements Si, Ti, Al, K and 
Ca are the most prominent ones to characterize loess gyttja 
and dust bearing sediment. Si, Al and Ti show correspond- 
ing stratigraphic patterns over the whole core (Fig. 5). 
Highest intensities of these elements are significant for the 
uppermost core meter and the core section 6.3-12.0 m. The 
latter is characterized by quite stable intensities of these 
geogenic elements, corresponding with loess gyttja. SM3 
is characterized by a highly correlated stratification of Mg 
and K, corresponding to the signal of Ti and Al. Ca shows 
significant peaks. In core SM3 certain amounts of Ca are in 
the layer 5-5.5 m and 6.3-7 m depth. The sections 1-2 m 
and 7.5-10 m are also enriched in Ca. Al, Ti and Mg reaches 
the highest level in the uppermost meters. Si, K and Ca are 
enriched in the deepest part of the core and coincide with 
the highest dust occurrence of the core. In the core SM3 Zr 
shows a correlating trend to Si, Al and Ti, with maximum 
values around 2 m depth and from 6.5 m on down core. Sr 
peaks correspond to the major Ca peaks at 5 m and at 6.3 
m. The latter peak represents the volcanic ash of the LST 
and shows strongly elevated values of the major geogenic 
elements, too. 

In both cores the elements Fe, Mn, S and P match to core 
sections with higher amounts of organic matter and reflect 
environmental conditions with changing oxygenation of 
the bottom water or changes of the redox potential at the 
lake bottom. Over wide parts Fe and P correspond to the 
Al signal. S is mostly anticorrelated to these elements. This 
accords with vivianite concretions which are found in the 
core DE3 between 40 and 70 m depth. The mineral vivianite, 
(Fe) 3 (P0 4 ) 2 *8H 2 0, might be precipitated in absence of sul- 
phur which would produce pyrite. In DE3 Fe, Mn and P have 
decreasing trends from the bottom to the top. Fe and Mn 
have corresponding trends, too. The Fe 2 3 (total) content in- 
creases from 10-5 wt.-% with an extraordinarily high value 
of nearly 20 wt.-% at 60 m depth. The MnO content is low 
and reaches a maximum of 1 wt.-% in 60 m, too. The high- 
est values of S can be found at the same core sequence from 
59 to 64 m depth. In this section the lost of ignition (LOI) is 
doubled from around 8 wt.-% to nearly 18 wt.-% (Tab. la). 
This section corresponds to the Greenland interstadial GIS- 
14, which is suggested to be the warmest interstadial of the 
last glacial cycle. The lowest levels of Fe and Mn are between 
32 m depth until the top. A dip in their content is found be- 
tween 40-46 m. Simultaneously Ca, Zr and S are enriched. In 
SM3 the elements Fe, Mn, P and S stratify the core from bot- 
tom to top into four parts and especially S is anti-correlated 
to the geogenic elements: (l) the deepest section (up to 7 m 
depth) is quite stable and shows only low counts of these ele- 
ments. (2) Strong increase of S with decreasing Fe values and 
stable counts of Mn and P follows from 6.5-5.2 m. (3) In the 
sequence from 5.2 to 2.2 m all these elements correlate with 
each other and S shows its maximum values. Indeed, this is 
the section with the highest amount of organics in the core 
SM3. (4) In the uppermost section Fe, Mn and P correlate, 
and S is nearly anticorrelated to the other elements. 
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Tab. 1: WD-XRF results from the core DE3from the Dehner dry maar, including main elements (upper panel) and trace elements (lower panel). 
Tab. 1: WD-XRF-Ergebnisse des Kerns DE3 aus dem Dehner Trockenmaar inklusive Hauptelemente (obere Tafel) und Spurenelemente (untere Tafel). 



Tiefe [m] 


LOI 
[wt%) 


Si0 2 
[wt%) 


Ti0 2 
[wt%) 


Al 2 3 
[wt%) 


Fe 2 3 (t] 
[wt%) 


MnO 
(wt%] 


MgO 
[wt%) 


CaO 
(wt%) 


Na 2 
[wt%) 


K 2 
(wt%) 


P 2 5 
[wt%) 


so 3 

[wt%) 


Sum 
[%) 


4.50 


7.05 


74.28 


0.95 


10.59 


4.41 


0.09 


1.54 


4.26 


0.68 


2.39 


0.12 


0.404 


99.7 


6.49 


7.68 


73.93 


0.96 


10.87 


4.45 


0.07 


1.56 


4.96 


0.66 


2.43 


0.11 


0.472 


100.5 


8.70 


7.45 


73.58 


1.02 


11.39 


4.81 


0.07 


1.64 


4.52 


0.67 


2.49 


0.13 


0.452 


100.8 


10.60 


6.14 


78.70 


1.08 


8.05 


3.40 


0.06 


1.33 


4.72 


0.74 


1.98 


0.11 


0.422 


100.6 


14.50 


6.56 


75.87 


0.98 


10.60 


4.32 


0.07 


1.54 


3.67 


0.73 


2.37 


0.12 


0.322 


100.6 


20.10 


6.68 


75.68 


1.05 


10.80 


4.21 


0.06 


1.49 


3.58 


0.73 


2.31 


0.11 


0.225 


100.3 


21.78 


6.33 


79.17 


0.91 


8.05 


2.93 


0.06 


1.33 


4.73 


0.85 


1.93 


0.09 


0.225 


100.3 


23.45 


6.73 


77.60 


0.96 


8.85 


3.39 


0.06 


1.48 


4.97 


0.8 


2.03 


0.11 


0.207 


100.5 


29.50 


7.84 


71.78 


0.99 


12.55 


4.71 


0.09 


2.01 


4.70 


0.78 


2.64 


0.16 


0.175 


100.6 


33.50 


6.30 


69.05 


1.15 


16.16 


6.23 


0.11 


2.11 


1.51 


0.72 


3.19 


0.18 


0.062 


100.5 


39.55 


6.41 


67.84 


1.25 


17.00 


6.8 


0.09 


2.00 


1.25 


0.68 


3.27 


0.20 


0.022 


100.4 


41.31 


9.61 


55.75 


1.01 


26.20 


8.53 


0.09 


2.2 


1.04 


0.36 


4.96 


0.20 


0.035 


100.4 


41.45 


6.73 


69.14 


1.16 


15.18 


5.99 


0.11 


2.05 


2.41 


0.75 


3.00 


0.19 


0.117 


100.1 


43.81 


7.07 


69.16 


1.17 


15.33 


6.14 


0.09 


2.09 


2.55 


0.76 


2.98 


0.20 


0.119 


100.6 


49.50 


7.31 


66.31 


1.39 


17.90 


7.44 


0.09 


2.09 


1.16 


0.64 


3.20 


0.27 


0.022 


100.5 


52.50 


7.20 


66.00 


1.55 


16.31 


8.08 


0.15 


2.73 


1.93 


0.51 


2.70 


0.30 


0.023 


100.3 


57.51 


8.09 


63.86 


1.77 


18.05 


9.30 


0.16 


2.16 


1.39 


0.46 


2.86 


0.35 


0.011 


100.4 


59.57 


16.98 


59.15 


1.22 


12.72 


19.42 


0.93 


1.52 


1.52 


0.23 


1.96 


2.04 


0.025 


100.7 


63.26 


16.50 


66.05 


1.47 


14.57 


10.33 


0.45 


1.91 


1.69 


0.27 


2.26 


1.46 


0.086 


100.6 


68.47 


9.05 


60.60 


1.48 


20.83 


9.11 


0.18 


2.53 


1.08 


0.47 


3.70 


0.30 


0.03 


100.3 


68.63 


10.05 


56.71 


1.37 


19.81 


12.35 


0.21 


2.42 


0.97 


0.43 


3.58 


2.38 


0.018 


100.3 


71.70 


8.69 


61.19 


1.44 


20.59 


8.66 


0.11 


2.43 


1.04 


0.48 


3.74 


0.36 


0.03 


100.1 


77.88 


6.75 


62.61 


1.35 


19.59 


8.12 


0.08 


2.82 


1.40 


0.47 


3.70 


0.22 


0.023 


100.4 


80.70 


7.04 


61.02 


1.19 


19.84 


8.12 


0.15 


2.54 


2.03 


0.48 


3.79 


0.92 


0.01 


100.1 


83.31 


10.19 


61.64 


1.44 


20.10 


8.07 


0.08 


2.84 


1.83 


0.45 


3.57 


0.26 


0.043 


100.3 



Tiefe 
[m] 


V 
(ppm) 


Cr 
(ppm) 


Co 
(ppm) 


Ni 
(ppm) 


Cu 
(ppm) 


Zn 
(ppm) 


Rb 
(ppm) 


Sr 
(ppm) 


Y 
(ppm) 


Zr 
(ppm) 


Nb 
(ppm) 


Ba 
(ppm) 


Pb 
(ppm) 


La 
(ppm) 


Ce 
(ppm) 


4.50 


79 


97 


13 


33 


18 


54 


90 


132 


36 


545 


19 


379 


21 


42 


85 


6.49 


80 


98 


13 


31 


22 


62 


94 


142 


37 


541 


20 


391 


21 


46 


79 


8.70 


80 


103 


15 


37 


34 


61 


96 


137 


39 


551 


19 


401 


19 


41 


84 


10.60 


60 


110 


8 


24 


13 


46 


69 


134 


45 


956 


22 


344 


20 


48 


84 


14.50 


78 


105 


13 


34 


15 


57 


91 


128 


38 


615 


20 


367 


18 


47 


90 


20.10 


77 


104 


11 
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Tab. 2: Correlation ofDE3 ^iXRF results (Intensity, Wt%, At%) with WD-XRF analysis. In general, the main elements show the highest correlations, at least 
in comparison with the measured intensity values with the WD-XRF results. Italic printed values are not significant at the 0.05 level. Highest values of cor- 
relation are highlighted with bold letters. 

Tab. 2: Korrelationsergebnisse (DE3) der jdXRF-Resultate (Intensitat, Gew.-%, Atom.-%) mit den WD-XRF-Analysen an diskreten Proben. Hochste Korrelatio- 
nen sind hervorgehoben. Kursiv gedruckte Werte sind aufdem Niveau von 0,05 nicht signifikant. Hochste Korrelationen sindfett hervorgehoben. 
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Fig. 4: Continuous measured element concentrations of the core DE3 in (upper panel) cps and (lower panel) quantified (expressed as wt-% and ppm) using 
fundamental parameter method (smoothed by a 50-point running mean filter) and measured with the Eagle III [iXRF. Black crosses are corresponding re- 
sults from WD-XRF, measured on discrete samples. Apart from Al all energy dispersive measured elements are underrepresented but show clearly covarying 
trends. The Ca values represent a dust signal (Dietrich & Sirocko 2009). 

Abb. 4: Mit der ^iRFA kontinuierlich gemessene Elementkonzentrationen des Sedimentkerns DE3, angegeben in (upper panel) counts per second (cps) und 
(lower panel) quantifiziert mittels der Fundamentalparametermethode in Gew.-% (ppm). Die Werte wurden durch einen gleitenden Mittelwert (Fensterbreite 
50-Punkt) geglattet. Die schwarzen Kreuze entsprechen den Vergleichsmessungen an diskreten Proben, die mit einer WD-RFA bestimmt wurden. MitAus- 
nahme von Aluminium, zeigen die energie-dispersiv gemessenen Werte niedrigere Konzentrationen an. Insgesamt zeigt die Elementverteilung mit beiden 
Methoden aber eine deutliche Kovarianz. Hohe Kalziumwerte weisen aufeine verstdrkte Staubaktivitat hin (Dietrich & Sirocko 2009). 



98 



E&G/ Vol. 60/ No. 1/ 2011/90-104 / D0I 10.3285/eg.B0.1.0B /©Authors/ Creative Commons Attribution License 



Si(cps) Ti(cps) Al(cps) Fe (cps) Mn (cps) 

1500 3000 500 1000 500 5000 10k 500 1000 



Mg (cps) 
50 100 




Sr (cps) 

50 100 



Fig. 5: Continuous measured element 
concentrations of the core SM3 meas- 
ured in cps (smoothed by a 5-point 
running mean filter). The distinctive 
split in a glacial (>7 m depth) and 
an interglacial part is clearly vis- 
ible in the element concentrations 
of miner ogenous elements. TheLST 
at 6.3 m depth is characterized by 
certain peaks of Si, Ti, Al, and K. 

Abb. 5: Kontinuierlich gemessene 
Elementkonzentrationen des Sedi- 
mentkerns SM3 (in cps) und gegldt- 
tet durch einen gleitenden Mittelwert 
(Fensterbreite 5-Punkt). Deutliche 
Unterschiede in der geochemischen 
Zusammensetzung sind vor allem 
beim Vergleich kaltzeitlicher Sedi- 
mente (> 7 m Tiefe) mit warmzeitli- 
cher und organikreicher Sedimente 
zu sehen. Erstere sind durch deutlich 
hohere Konzentration minerogener 
Elemente gekennzeichnet. Die LST in 
6,3 m Tiefe zeigt deutliche Spitzen- 
werte von Si, Ti, Al und K. 



Tab. 3: Upper panel: Correlation matrix of main elements (core DE3 measured intensities by /uXRF). Italic printed values are not significant at the 0.05 level. 
Lower panel: Factor loadings after PC A calculation of main elements (core DE3 measured intensities by jjXRF), including Eigenwert (Eigen.), the described 
variance (dVar.) and the cumulative sum ofdVar (% Cumul). Bold printed values (>l0.4l) have a major influence on the single principle components. 

Tab. 3: Obere Tafeh Korrelationsmatrix (DE3) der Hauptelemente auf Basis der mittels fiXRF gemessenen Intensitaten. Kursiv gedruckte Werte sind aufdem 
Niveau von 0,05 nicht signifikant. Untere Tafeh Faktorladungen der Hauptkomponentenanalyse, inklusive der Eigenwerte (Eigen.) und der jeweiligen be- 
schriebenen Varianz (dVar). Fett gedruckte Werte (>j0.4j) haben einen hohen Einflufi auf die einzelnen Hauptkomponenten. 
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3.3 From geochemical stratification towards a dust 
signal 

PCA is applied to reduce the amount of variables and to 
achieve an integrated signal which corresponds better to 
the lithology of the sediment than the single element strati- 
cations. In both cores the first principle component factor 
(PC 1) illustrated the change from facies containing glacial 
and aeolian sediment to those which are characterized by 
containing organic gyttja (Fig. 6). The discrimination into 
these two lithological groups gives reliable results for SM3 
and DE3, which is also indicated by the described variances 
of the PC 1. This factor accounts for 53.3% in DE3 and for 
56.9% in SM3, respectively (Tab. 3, 4). However, both cores 
show different factor loadings for the first variable. In core 
SM3 the main geogenic elements Si, Ti, and K represent 
those samples which are derived from aeolian sediment. 
In SM3 Calcium is an additional element characteristic of 
loess gyttja, and is also the most prominent element in the 
core DE3. The interpretation of the second PCA variable 
(PC 2) is more difficult, because of even larger differences 
between the single cores. In SM3 the PC 2 includes vari- 
ables with high factor loadings on typical limnogenic and 



redox-sensitive elements like Mn, Fe, and P. High values 
of P are provided by oxic decay of organic matter. Fe and 
Mn can be used to indicate the redox conditions of the lake 
water (Engstrom & Wright 1984). When the lake is under 
anoxic conditions, Fe and Mn are present in soluble form 
and are easily released from the sediment. In DE3 the geo- 
genic elements are the major contributors on PC 2. These 
elements are common constituents of primary minerals. 
Thus PC 2, with high factor loadings on geogenic elements, 
reflects the intensity of chemical weathering and leach- 
ing in the watershed and shows positive values from 35 m 
depth down core in DE3. 

Summarizing these results one can find that analyses of 
the first principal component separates glacial and aeolian 
dominated sediment from interglacial/interstadial organic- 
rich matter. However, in each core the elements with high- 
est loadings differ in the respective factor. In SM3 the geo- 
genic elements are those which characterize the first PC. 
In the core DE3 the geogenic elements describe the second 
PC, whereas Ca and Si are the most important elements 
for classification of the glacial sediment in PC 1. On the 
other hand redox-sensitive elements like Mn and P have 
high loadings in PC 2 for core SM3 and are an indicator for 



Tab. 4: Upper panel Correlation matrix of main elements (core SM3 measured intensities by fiXRF). Italic printed values are not significant at the 0.05 level. 
Lower panel: Factor loadings after PCA calculation of main elements (core SM3 measured intensities by jjXRF), including Eigenwert (Eigen.), the described 
variance (dVar.) and the cumulative sum ofdVar (% Cumul). Bold printed values (>l0.4l) have a major influence on the single principle components. 

Tab. 4: Obere Tafeb Korrelationsmatrix (SM3) der Hauptelemente auf Basis der mittels fiXRF gemessenen Intensitaten. Kursiv gedruckte Werte sind aufdem 
Niveau von 0,05 nicht signifikant. Untere Tafeb Faktorladungen der Hauptkomponentenanalyse, inklusive der Eigenwerte (Eigen.) und der jeweiligen be- 
schriebenen Varianz (dVar). Fett gedruckte Werte (>j0.4j) haben einen hohen Einflufi auf die einzelnen Hauptkomponenten. 
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Fig. 6: The first two principal components PCl and PC2 of each core are 
shown versus the depth (see tables 3b, 4b for associated factor loadings), 
(a, b) PCl isolates a signal of glacial/ aeolian transported sediment (shaded 
in blue). Aeolian sediments have negative values in the core DE3 and posi- 
tive ones in the core SM3, respectively (*For a better visualization the x-axis 
of(b) is inverted), (c ,d) PC2 in both cores has in common that they have 
negative values during warm/humid climate conditions (red color). How- 
ever, in core SM3 PC2 is characterized by highly redox- sensitive elements 
(see text). PC 2 of core DE3 depends strongly on elements which indicate 
enhanced chemical weathering. 

Abb. 6: Darstellung der beiden ersten Hauptkomponenten (PCl, PC2) gegen 
die Tiefe des jeweiligen Sedimentkerns (s. Tab. 3b, 4b fur dazugehorige Fak- 
torladungen). (a, b) Aolischer Staub (blaue Fullung) ist im Kern DE3 durch 
negative PCl-Werte gekennzeichnet, im Kern SM3 durch positive Werte. Zur 
Verdeutlichung des staubhaltigen Sediments ist die x-Achse der PCl des 
Kerns SM3 invers dargestellt. (c, d) PC 2 ist in beiden Kernen unterschied- 
lich zu interpretieren deutet aber auf klimatisch warm/humiden Einfluss 
hin (rote Farbung). Im Kern SM3 ist PC2 durch redox-sensitive Elemente 
charakterisiert (s. Text). Im Kern DE3 hangt PC2 stark vom Vorkommen von 
Elementen ab, die auf erhohte chemische Verwitterung hindeuten. 



the redox conditions at the lake bottom with contempora- 
neous high amount of organic matter. The other factors do 
not influence aeolian sediment input into the maar lake and 
account only for a lower percentage of the total variation. 
In addition, the result of the scree test suggests using the 
first two factors, only. Consequently, they are of minor in- 
terpretative use for this study and not further considered. 

4 Discussion 

For the derivation of paleoclimate or economic conditions 
from geochemical data two assumptions must hold true 
(Boyle, 2001): (1) At any one time the sediment concentra- 
tion must be proportional to the external element loading 
and (2) the element concentrations in the sediment must 
not change after burial. The latter is in discussion especial- 
ly as regards the role of Mn and Fe reduction in potential 
remobilization of trace elements. Boyle (2001) has shown 
that post depositional alteration and migration is likely, but 
that this is only significant at extremely low sediment mass 
accumulation rates and is not likely for high glacial sedi- 
ment yields. Thus we suggest that the elicitation of a dust 
signal within maar lake sediments is possible by applica- 
tion of inorganic geochemistry. However, a wider knowl- 
edge about the lake's regional setting (location, morphol- 
ogy, presence of inflows, etc) is necessary. Thus, additional 
information from other proxies is required. This is shown 
in this study, since all cores show different inorganic geo- 
chemical reactions to environmental changes dependent 
on the regional setting. An example is the stratification of 
the geogenic elements in the core SM3: All of these ele- 
ments have a major influence on PC 1, but only the typi- 
cal "loess-elements" Si, Ca, and K have their highest values 
during glacial conditions. 

The results show that there are three different groups of 
main elements which characterize the sediment, (i) Typi- 
cal geogenic elements are magnesium (low differentiated 
volcanic products), potassium (low differentiated volcan- 
ic products), titanium and aluminum (lithics, feldspars). 
In oligotrophic lakes silica, aluminum as well as titanium 
and potassium represent the clastic input. This is clearly 
shown for all the cores. The alkali metal K and the alka- 
line earth metals Ca and Mg are major bedrock constitu- 
ents. High amounts of these elements represent reduced 
soil stability and increased erosion. But Ca and Mg might 
have also significant concentrations in authigenic carbon- 
ate and skeletal carbonates from invertebrates. The supply 
of conservative cations K (and also Na) increases with pe- 
riods of rapid chemical erosion, similar to Ti. These ele- 
ments are thus enriched during the Holocene and MIS-3 
and only minor during MIS-2, when climate was more arid, 
(ii) Sulphur and phosphorous belong are limnogenic and re- 
dox-sensitive elements and thus the precipitation and release 
processes are complex. The deposition and conservation of 
the elements Fe, Mn, S, and P is strongly controlled by pH and 
redox conditions at the lake bottom (Engstrom & Wright 
1984). Since maar lakes usually have anoxic bottom water 
reduced Fe(II) precipitates in combination with S, forming 
the mineral pyrite (FeS 2 ). Blue colored vivianite crystals, 
a ferrous phosphate, occur with increased burial of unde- 
composed organics. High rates of organic matter deposition 
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Fig. 7: jjXRF geochemistry stacks versus the 
time, (a) NorthGRIP dl80 record, (b) the 
ELSA grayscale stack, (c) the ELSA dust 
stack, and major litho zones of the last 
60 kyrs. Ca (d) as well as the PCA stack 
(e) clearly shows the influence of aeolian 
sediment (* The SM3 part of the PC 1-stack 
is inverse; see Fig. 6). Heinrich events after 
Hemming (2004). 

Abb. 7: jdXRF-Geochemie-Stacks gegen das 
Alter, (a) NorthGRIP dlSO-Rekord, (b) der 
ELSA Graustuf en-Stack, (c) der ELSA Staub- 
Stack und die wichtigsten Lithozonen der 
Bohrkerne. Die Ca-Werte (d) sowie derPCl- 
Stack (e) zeigen deutlich den Einfluss des 
aolischen Sediments (*der SM3-Abschnitt 
des PCl-Stacks ist invers aufgetragen; siehe 
Abb. 6). Marine Heinrich-Ereignisse nach 
Hemming (2004). 



occur only during interstadials and interglacials. A second 
prerequisite for the formation of vivianite is the presence 
of orthophosphates which are provided by oxic decay. Thus, 
the occurrence of vivianite in organic rich sediment sections 
is not a proxy for paleoproductivity (Fagel et al., 2005). It is 
an indicator of at least temporary deep circulation at high 
organic production (Voigt et al., 2008) and clearly precedes 
the formation of sulphides in the course of eutrophication 
(Gachter & Muller, 2003). The presence of Pyrite shows on 
the other hand the level of aeration of the maar deep water 
and the occurrence of a monimolimnion, with anoxic water 
conditions for at least a period of several mixing cycles. Vivi- 
anite is found in the cores with a high content of Phosphorous 
in the DE3 47.7-50 m and at 70.7-72.7 m depth, in particular, 
(iii) The DE3 at third class is a mixed type: Silicon repre- 
sents minerogenous Si0 2 in the clastic fraction as well as 
amorphous and autogenic Si0 2 production, mainly by the 
silicon shell of diatoms. Calcium is a major constituent of 
aeolian dust sediments (with provenance of the Devonian or 
Triassic limestone). Further reasons for high contents of Ca 
are the precipitation of CaC0 3 caused by detraction of C0 2 
in the lake water, and biogenic calcium precipitation e.g. in 
the lime shell of ostracods. Authigenic carbonates were not 
observed during glacial periods in the core DE3 (Dietrich 
& Seelos 2010) and we suggest this for the other glacial se- 
quences, too. During times of dominant physical weathering 
CaC0 3 grains will be transported to the lake and most of 
them should quickly reach the lake bottom without signifi- 
cant in-lake chemical reaction (Koinig et al. 2003). Thus, we 
suggest that the content of calcium has not changed during 
settlement at glacial conditions and can be interpreted as a 
major contributor to the measured dust signal. However, a 
stack of the elemental stratification of different cores does 
not seem to be appropriate. The influence of the catchment, 
different biogeochemical processes in the lake water and 
bottom makes each maar lake unique, which is reflected in 
the distribution of the elements. 

The focus of this study is on the detection of aeolian 
sediments by [iXRF scanning and PCA. It is shown that the 
methodology gives reliable results within acceptable er- 
ror margins but still needs additional information, at least 
from facies and micro-facies analysis. However, in this study 



time slices including major climate changes of the last gla- 
cial were used to evaluate this approach and are already 
discussed in early ELSA publications: e.g. the late Weichse- 
lian glacial inception and Heinrich events during MIS-3 and 
2 (Dietrich & Seelos 2010), transition I, the Younger Dr- 
yas and internal variability of the Holocene (Seelos et al. 
2009). A major finding of this study is that the previously 
used approach demonstrates weaknesses in comparison to 
high resolution grain size analysis which was used in the 
mentioned publications by applying the RADIUS technique 
(Seelos & Sirocko 2005). For example, the variability of 
MIS-2 dust sources could only be shown by a combination 
of mineralogical/geochemical analysis and grain size sorting 
parameters (Dietrich & Seelos 2010). However, the transi- 
tion into the glacial climate state is shown within an abrupt 
trend towards negative values of PC 1 in the core DE3. This 
signal is highly correlated to the dust detection for the same 
core published as ELSA dust stack (Fig. 8). The timing of 
increased dust transport towards the Eifel maar lakes cor- 
respond with the global decrease of sea-level 35 kyrs ago 
(Clark et al. 2009). An increased east wind frequency for 
Western Europe was suggested by Dietrich & Seelos (2010) 
for the time slice between 33 and 24 kyrs BP. These layers 
are enriched in aeolian transported carbonate grains in the 
same sediment core DE3. Since, Ca has a major influence of 
DE3's PCl, these layers are also reflected in PC 1 (Fig. 7d, 
e). In addition a severe cold phase which corresponds to the 
strong Heinrich event H4 (Hemming 2004) is detected by the 
PCA approach. Another major dust event correlates with H5 
(Seelos et al. 2009) which is reworked by debris in the core 
DE3 at 65 m depth, and thus could not be shown by the ap- 
plied approach. 

The younger sediment sequence shows in core SM3 the 
major climate change from the last glacial to interglacial 
conditions of the Holocene. Fast environmental changes 
from the last glacial to the interglacial including the YD 
are also documented in this core. However, the tephra of 
the lake Laach eruption shows negative factor scores, too, 
and is wrongly classified as glacial and aeolian sediment. 
PC 1 shows a high variability during the Holocene, which 
is also shown in the lithology and in the grayscale values 
of the core (Fig. 7). The strong shifts in the aeolian sedi- 
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ment proxy in the Holocene (especially the Atlanticum) 
might also be influenced by changing lake levels during the 
Holocene. Correlations between the North Atlantic IRD 
events defined by Bond et al. (1993) and lake level changes 
in mid-European lakes have been pointed out (Magny 2004, 
1999; Friedrich et al. 1999), supporting the hypothesis that 
changes in solar activity have been an important forcing 
factor of Holocene climate (Renssen & Isarin 2001). A pro- 
nounced Ca peak corresponds to the strong cold spell of 
the 8.2-ka-event. This event is only minor correlated with 
an enhanced dust input in the Eifel area (Seelos et al. 2009). 
Here, we suggest that a strong ventilation of the bottom 
water has led to the precipitation of carbonate minerals. 
However, Prasad et al. (2009) suggested temperature to be 
the primary control on calcite formation. These authors fo- 
cused on seasonal carbonate precipitates in the sublayers 
of single warves and found distinct minima of calcite dur- 
ing the 8.2-ka-event which were used as an proxy for cold 
summer temperatures. In deed, the calcium maximum in 
SM3 is not continuously on a high level when looking at 
high resolution uXRF scans, but also shows several phases 
with minimum values (not shown). The major impact of 
the 160 year 8.2-ka-event on the environment of Central 
Europe is also shown in many other records e.g. in reduced 
tree-ring widths from Central German oaks (Friedrich et 
al. 1999). However, in the Holocene the deposition of aeo- 
lian dust plays only a minor role. The elements Al, K, Ti 
have the highest factor loadings in PC 1 of SM3 and reflect 
soil destabilization which goes along with erosion and en- 
hanced dust transport. Until the Boreal the environment is 
characterized by more open landscapes and high physical 
weathering. These conditions change within the Atlanti- 
cum when conditions changed to a warmer and more hu- 
mid climate. Hence, the soils became more stabilized and 
the slopes were covered by dense forests. Human activi- 
ties in the catchment are traced back to ca. 15.5 kyrs BP, 
long before late glacial warming ca. 14.7 kyrs BP (Street 
et al. 2006), but became most pronounced around 3,700 BP 
(Sirocko, ed. 2009). Deforestation, grazing, and agriculture 
caused an increase in erosion, physical weathering and 
thus enhanced deflation of dust. Since then the dust signal 
in the lake Schalkenmehrener Maar is mainly anthropo- 
genically altered. 

5 Conclusion 

This study investigates whether the detection of aeolian 
sediment by [iXRF scanning of resin impregnated sediment 
samples with a subsequent PCA approach give reliable re- 
sults. Changes of aeolian supply over time are suggested in 
the inorganic geochemistry data, especially in Ca, Si, and 
the first new calculated PCA factor (PC 1) which is mainly 
influenced by Ca, Si, and Ti. It is demonstrated that this ap- 
proach works well since for the interpretation further knowl- 
edge about the lithology and environmental background is 
available. The signal of geochemical aeolian proxies might be 
influenced by autochthonous and allochthounous accumula- 
tion changes and without further knowledge and necessary 
inter proxy comparison the results might be inconsistent or 
difficult to interpret. Thus, the detection of dust using high 
resolution grain size analysis is advantageous, because this 



approach recognizes different transport mechanisms of the 
sediment and is so far the only method which is able to quan- 
tify the content of aeolian dust in sediment. A [iXRF is a fast 
and inexpensive scanning method of the elemental stratifi- 
cation within sediment cores. In addition, the quantification 
of the main elements via standard less fundamental param- 
eter method gives significant results in comparison to the 
reference samples, which are measured by WD-XRF. Thus, a 
calibration of the [iXRF results is reliable, if this evaluation 
is based on at least a reference sample for each litho zone. 

Cores SM3 and DE3 show both fully glacial sediment and 
warm and wet climate conditions and the major dust deposi- 
tion events and phases could be detected by [iXRF geochem- 
istry. These include the largest Heinrich event H4 during 
MIS-3, the onset of dust increase coupled to the growing of 
the Scandinavian Ice sheet, later on the whole MIS-2 includ- 
ing LGM, the YD as well as enhanced dust supply generated 
by human activities since the Subboreal. In the applied PCA 
approach PC 1 discriminates in both lake sediment cores 
aeolian from non aeolian material. Volcanic ash and tephra 
is mostly classified as aeolian sediment because of the ma- 
jor influence of geogenic elements (Si, Al, Ti, K and mostly 
Ca) to PC 1. Ca has a major influence on the dust signal 
in both cores and a combination of Ca with the grayscale 
values gives the best signal of aeolian sediment. The occur- 
rence of vivianite coincides with enriched amounts of P and 
Fe in organic rich gyttja and is thus suggested as a proxy 
for low sedimentation rates during interstadial climate con- 
ditions. In summary, jiXRF scanning of bulk geochemistry 
has shown to be a sensitive indicator of both changes in the 
lake and in its (aeolian) catchment, if it is used together with 
other proxy data such as micro facies or grain size analysis. 
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Optically stimulated luminescence (OSL) and infrared stimulated luminescence (IRSL) have been measured from seven fine-grained 
samples from core JW3 from the dry maar of Jungfernweiher (West Eifel /Germany). Two different elevated temperature post-IR 
IRSL protocols in the blue detection were applied to polymineral fine grains (4-11 urn). These protocols involve stimulation with 
IR for up to 200s at 50°C prior to elevated temperature stimulation with IR for 100s at 225°C or 200s at 290°C. Quartz OSL saturates 
at doses of 260-300 Gy, and the D e values obtained using IRSL at 50°C (IR 50 ) do not increase with depth indicating that this signal 
is also in field saturation at -500 Gy. However, the post-IR IRSL signals at 225°C (pIRIR 225 ) and 290°C (pIRIR 290 ) increase with depth 
from -800 Gy to -1400 Gy, suggesting a minimum (fading uncorrected) age of -200 ka for the youngest sediments. Mean laboratory 
fading rates are 4.09 ± 0.02%/decade for IR 50 and 2.55 ± 0.14%/decade for polymineral pIRIR 225 . For sample JWSl a g-value of 0.52 ± 
1.12%/decade for the pIRIR 290 was obtained. Both fading corrected pIRIR 225 and uncorrected pIRIR 290 D e values from the youngest 
sample (-16 m below modern surface) indicate an age estimate of -250 ka for the uppermost sample increasing up to -400 ka for the 
oldest samples taken -94 m below modern surface. 

(IRSL Signale von Maarseesedimenten stimuliert mit verschiedenen Temperaturen] 

Optisch stimulierte Lumineszenz (OSL) und infrarot stimulierte Lumineszenz (IRSL) wurden an sieben Feinkorn Proben von Kern 
JW3 aus dem Trockenmaar Jungfernweiher gemessen. Zwei verschiedene post-IR IRSL Messprotokolle (blaue Detektion) wurden 
an den polymineralischen Feinkornern (4-11 urn) angewandt. Diese Protokolle beinhalten eine Stimulation mit IR bei 50°C fur bis 
zu 200 s vor einer weiteren IR Stimulation bei erhohten Temperaturen bei 225°C fur 100 s oder 290°C fur 200 s. Die OSL von Quarz 
sattigt bei Dosen von 260-300 Gy und die De-Werte, die mit IRSL bei 50°C (IR 50 ) erhalten werden, nehmen mit der Tiefe nicht zu. 
Dies weist darauf hin, dass auch dieses Signal bei -500 Gy in Sattigung geht. De-Werte des post-IR IRSL Signals bei 225°C (pIRIR 225 ) 
und 290°C (pIRIR 290 ) nehmen jedoch mit der Tiefe von -800 Gy bis -1400 Gy zu, und zeigen ein korrigiertes Minimalalter von -200 
ka fur die jungsten Sedimente an. Die durchschnittlichen im Labor gemessene Fadingraten liegen fur IR50 bei 4.09 ± 0.02%/decade 
und fur pIRIR 225 bei 2.55 ± 0.14%/decade. Fur Probe JWSl wurde fur pIRIR 290 ein g-value von 0.52 ± 1.12%/decade gemessen. Sowohl 
fading korrigierte pIRIR 225 als auch unkorrigierte pIRIR 290 D e -Werte der jungsten Probe (-16 m unterhalb der heutigen Erdober- 
flache) weisen auf ein Alter von -250 ka fur die oberste Probe hin. Fur die altesten Proben, die in -94 m unterhalb der heutigen 
Erdoberflache genommen wurden, wurden Alter von bis zu -400 ka gemessen. 
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1 Introduction 



Maars are volcanic craters caused by phreatomagmatic 
eruptions. Volcanic depressions and craters such as those 
of maar lakes form excellent sediment traps, and so can 
record past climatic and environmental changes. Sediments 
accumulating in maar lakes are often thought to have un- 
dergone continuous deposition since the eruption of the 
maar volcanoes, and hence may contain unique continuous 
local records of climate change. Aeolian dust (loess) can 
make up a large part of the sediment inventory, because 
the catchment surrounding the lake often only extends to 
the rim of the crater. Because of its more or less continu- 
ous supply during cold periods, loess is one of the most 
detailed and wide-spread terrestrial archives of climate and 
environment change. As a result it often provides infor- 
mation on local and regional environmental processes and 



conditions for the Middle and Late Pleistocene. The West 
Eifel volcanic field (Fig.l) contains dry maars, maar lakes, 
scoria cones and small stratovolcanoes. The Jungfernwei- 
her is one of about 60 dry maars; with a diameter of 1500 m 
it is the biggest maar in the Eifel area. Nowadays there is a 
pond in the dry maar lake (Schaber & Sirocko, 2005). Sed- 
iment cores have been drilled within the framework of the 
ELSA project (Eifel Laminated Sediment Archive) in Eifel 
dry maar lakes (Sirocko et al. 2005), and samples for lumi- 
nescence dating were taken from core JW3 and JW2 from 
the Jungfernweiher. 

Luminescence dating is used to date the time that has 
passed since the last exposure of minerals (quartz or feld- 
spar) to daylight (Aitken, 1998). Such minerals are able 
to store energy (as trapped electrons) within their crystal 
structure; this energy originates from ionising radiation (al- 
pha, beta and gamma) from environmental radioactivity, 
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Fig. 1: Map showing coring locations of 
the dry maar of Jungfernweiher, West 
Eifel Volcanic Field. 

Abb. 1: Lage der Bohrpunkte des Trock- 
enmaars Jungfernweiher, Vulkanfeld der 
Westeifel. 
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and from cosmic rays. The trapped electrons can be stored 
for long periods at lattice defects in the crystal lattice. In 
the laboratory the grains are stimulated with light and the 
trapped electrons are released. During recombination they 
release their stored energy as light (luminescence). A meas- 
urement of this luminescence allows an estimation of the 
radiation dose (palaeodose or equivalent dose, D e ) that the 
crystal has absorbed since the last exposure to daylight. The 
most important requirement is that the sediments are well 
bleached or zeroed at the time of deposition due to a suffi- 
cient exposure to daylight. For loess it is expected that any 
residual trapped charge has been completely removed dur- 
ing the long aeolian transport. The optically stimulated lumi- 
nescence (OSL) of quartz has been widely used to estimate 
the deposition age of sediments and is usually regarded as 
an accurate and precise dating method (e.g. Murray & Ol- 
ley, 2002). However, the fast component of the quartz OSL 
signal (the component normally used for dating) saturates at 
doses of 200-400 Gy (Wintle & Murray, 2006). This implies 
a quartz upper age limit of -50-70 ka for loess deposits for 
a typical dose rate of between 3 and 4 Gy/ka (e.g. Frechen, 
1992, Roberts, 2008, Schmidt et al., 2011). 

In contrast, the infrared stimulated luminescence (IRSL) 
signals from feldspars grow to much higher doses than 
those from quartz, and this offers the possibility of sig- 
nificantly extending the age range. Several studies report 
the application of luminescence to limnic sediments (e.g. 



Degering & Krbetschek, 2007b), but infrared stimulated 
luminescence (IRSL) on maar sediments has only been used 
in a few studies (e.g. Lang & Zolitschka, 2001, Degering 
& Krbetschek, 2007a). Lang & Zolitschka (2001) ob- 
tained reliable IRSL ages only for clastic-rich horizons; 
IRSL ages of sediments with high concentrations of bio- 
genic material were inaccurate. Degering & Krbetschek 
(2007a) provided two IRSL ages (multiple aliquot additive 
dose protocol, MAAD) from the Jungfernweiher. 

Luminescence dating of feldspars tends to underestimate 
the age, because of anomalous fading (Wintle, 1973) caused 
by quantum-mechanical tunnelling (Visocekas, 1985). Feld- 
par dating is normally carried out using a 50° C IR stimula- 
tion with detection in the blue (-violet) spectrum. Many stud- 
ies have shown that the IRSL ages without fading correction 
consistently underestimate quartz OSL ages (e.g. Schmidt et 
al, 2010) due to anomalous fading. Hence the fading rate (g- 
value; Aitken, 1985) has to be determined in the laboratory 
and the ages corrected for this effect. Several methods of age 
corrections have been proposed (e.g. Huntley & Lamothe, 
2001; Lamothe et al, 2003) and many studies give correct- 
ed IRSL ages which are in good agreement with quartz OSL 
ages. However, there is no ge-neral consensus as to which 
correction method should be used and the most commonly 
adopted method is only valid for the 'linear part' of the dose 
response curve (Huntley & Lamothe, 2001). Clearly, if the 
fading rate could be reduced, feldspar dating would be more 
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reliable. Thomsen et al. (2008) found out that stimulation at 
elevated temperatures significantly reduces the fading rate. 
Based on this study Buylaert et al. (2009) tested a SAR pro- 
tocol with detection in the blue (320-460 nm); this involves 
a stimulation with IR for 100s at 50°C prior to an elevated 
temperature stimulation with IR for 100s at 225°C, a so called 
post-IR IRSL measurement sequence. They have shown that 
the observed fading rates for the post-IR IRSL signal are sig- 
nificantly lower than those from the conventional IRSL at 
50°C and that the signal is bleachable in nature. Thiel et al. 
(2011) extended this investigation following the observation 
of Murray et al. (2009) that the IR dosimetry trap lies above 
320°C, and hence preheat temperatures up to this tempera- 
ture can be used. In their study they chose a preheat of 320°C 
(60s) and a stimulation temperature of 290°C (200s) for the 
post-IR IRSL signal. They found natural signals from a sam- 
ple below the Brunhes/Matuyama boundary in saturation 
on a laboratory growth curve and they concluded that they 
were unable to detect fading in this field sample. 

The aim of this study is to investigate the applicability of 
luminescence dating using maar sediments, and ultimately 
to determine the accumulation rate of sediments within the 
archive and temporal succession of dust storms. The different 
IRSL signals are compared and discussed in regard to their 
performance in SAR; the equivalent doses (D e ) and the fad- 
ing rates are then determined and ages calculated. The IRSL 
signal measured at 50°C and the subsequent post-IR IRSL 
signals measured at 225°C and 290°C are hereafter referred 
to as IR 50 , pIRIR 225 and pIRIR 290 respectively. The results are 
discussed in terms of continuity of sedimentation and sedi- 
mentation rates. 

2 Geological setting 

The West Eifel volcanic field/Germany with an aerial exten- 
sion of 600 km 2 is aligned NW-SE from Ormont to Bad Ber- 
trich in Rhineland Palatinate, i.e. west of the river Rhine. Vol- 
canism in the West Eifel Area started ca. 700 ka ago produc- 
ing 250 eruptive centers with more than 50 maars, of which 
8 are still filled with water (Buchel, 1984, Negendank & 
Zolitschka, 1993). 

Sediment cores have been drilled by the ELS A project 
(Eifel Laminated Sediment Archive) in Eifel dry maar lakes 
to reconstruct the palaeoclimatic and palaeoenvironmen- 
tal conditions as well as the history of the volcanism in the 
Eifel/Central Europe during the last glacial cycles. Two drill- 
ings (JW2 and JW3) have been carried out at the Jungfern- 
weiher. JW3 was drilled close to center of the maar and ex- 
hibits a more undisturbed sedimentation and a better core 
quality than core JW2 which is located closer to the edge of 
the maar (Schaber & Sirocko, 2005). Seven samples for lu- 
minescence dating were taken from core JW3. According to 
Schaber & Sirocko (2005) coversand and loess layers were 
accumulated during high-glacial conditions and during cold 
phases rhythmic stratification of clay and silt was dominat- 
ing. All samples were taken from a glacial cycle with mainly 
silt lamination. Additionally, one sample was taken from the 
drill core JW2. The sampled material consists of loessic gyt- 
tja with intercalated small bands of coarser silty to sandy 
material, which is supposed to originate from dust storms. 
Some independent age control is provided by 16 radiocarbon 



age estimates. However, the uncalibrated ages range from 35 
± 2 ka to 56 ± 4 ka and do not increase with depth. A study 
carried out by Lenaz et al. (2010) presents mineralogical data 
from core JW3 suggesting that the tephra layer at a depth of 
107.39 m could be correlated with the Rocourt Tephra which 
has an age range between 90.3 and 74 ka (Pouclet et al., 
2008). Luminescence dating was carried out by Degering & 
Krbetschek (2007a) on two samples with a depth of 104.5 
m and 122.5 m from core JW2. They applied a multiple al- 
iquot additive dose (MAAD) protocol on the polymineral 
fine-grain fraction and could not detect anomalous fading 
for their samples. They obtained equivalent doses (D e ) of 441 
± 49 Gy and 517 ± 62 Gy and calculated ages of 98 ± 15 ka 
and 117 ± 18 ka. 

3 Experimental details 

Samples were extracted under subdued red light and pre- 
treated with 10% hydrochloric acid to remove carbonates, 
sodium oxalate to dissolve aggregates and 30% hydrogen 
peroxide to remove organic matter. The 4-11 urn silt frac- 
tion was separated and divided into two parts: (i) an un- 
treated fraction used for polymineral infrared stimulated 
luminescence (IRSL) measurements, and (ii) a fraction from 
which quartz grains were extracted. The latter polymineral 
fraction was treated with 34% fluorosilicic acid (H 2 SiF 6 ) for 
6 days, preferentially dissolving feldspar grains, and leaving 
behind a quartz-rich extract. Finally, samples were prepared 
for measurement by settling either the polymineral or the 
quartz grains (4-11 urn) from acetone onto aluminium discs. 
The purity of the quartz extract was checked using the IR 
depletion ratio (Duller, 2003). All OSL/IRSL measurements 
were performed using an automated Riso TL/OSL-DA20 
equipped with a 90 Sr/ 90 Y beta source. Quartz blue-stimu- 
lated OSL was measured for 40 s at 125°C and the signals 
were detected through 7.5 mm of Hoya U-340 filter (passing 
from 260 to 390 nm, i.e. UV). Feldspar IRSL was detected 
through Schott BG-39 and Corning 7-59 filters (passing from 
320 to 460 nm; i.e. blue). For measurement of the equivalent 
dose (D e ) of quartz fine-grains a conventional SAR protocol 
(Murray & Wintle, 2000) was applied. The signal was inte- 
grated over the initial 1 s of stimulation, and a background 
based on the last 5 s of simulation subtracted. D e estimates 
from polymineral fine-grains were determined using a post- 
IRSL elevated-temperature IR SAR protocol. 

Radionuclide concentrations for all samples were ob- 
tained using high-resolution gamma spectrometry of sedi- 
ment collected from the immediate surrounding of the 
samples. A water content of 20 ± 5 % was estimated for 
all samples. To derive the effective alpha dose rate, mean 
a-values of 0.04 ± 0.02 for quartz OSL and of 0.08 ± 0.02 
for polymineral IRSL were assumed (Rees-Jones, 1995). The 
uranium, thorium, potassium contents and the dose rate of 
the samples are summarised in Table 1. The concentrations 
of uranium, thorium and potassium were converted into in- 
finite-matrix dose rates using the conversion factors of Ad- 
amiec & Aitken (1998) and water-content attenuation fac- 
tors (Aitken, 1985). Estimation of the cosmic-ray dose rate 
was calculated according to Prescott & Stephan (1982) 
and Prescott & Hutton (1994) from a knowledge of burial 
depth, altitude, matrix density, latitude and longitude for 
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Tab. 1: Dose rate data from potassium, uranium and thorium content, as measured by gamma spectrometry. 

Tab. 1: Dosimetrische Ergebnisse basierend aufKalium, Uran und Thorium Gehalt (gemessen mit Gammaspektrometrie). 



Sample 


Uranium [ppm] 


Thorium [ppm] 


Potassium [%] 


IRSL dose rate [Gy/ka] 


OSL dose rate [Gy/ka] 


JWS1 


2.78 ± 0.04 


13.33 ±0.10 


2.49 ±0.02 


4.25 ±0.21 


3.85 ±0.21 


JWT3 


2.90 ±0.04 


14.22 ±0.12 


2.59 ±0.03 


4.44 ±0.21 


4.02 ±0.22 


JWT9 


2.85 ±0.04 


14.56 ±0.04 


2.76 ±0.03 


4.60 ±0.23 


4.18 ±0.23 


JWT5 


3.03 ±0.04 


11.85 ±0.09 


1.91 ±0.02 


3.70 ±0.19 


3.31 ±0.19 


JWT7 


2.67 ±0.04 


11.59 ±0.10 


1.81 ±0.02 


3.96 ±0.20 


3.65 ±0.20 


JWS8 


3.43 ±0.05 


11.81 ±0.12 


1.55 ±0.03 


3.51 ±0.18 


3.09 ±0.18 


JWT8 


3.21 ±0.04 


11.55 ±0.10 


1.74 ±0.02 


3.58 ±0.18 


3.18 ±0.18 


JWT9 


3.17 ±0.05 


13.27 ±0.08 


2.22 ±0.02 


4.04 ±0.21 


3.67 ±0.21 



each sample. The uranium, thorium, potassium content and 
total dose rates are shown in Table 1. The mean dose rate is 
3.61 ± 0.15 Gy/ka for quartz and 4.01 ± 0.15 Gy/ka for pol- 
ymineral samples. 

4 Luminescence dating 

4.1 OSL dating of quartz 

To test the suitability of the SAR protocol to the samples 
from the Jungfernweiher, and to confirm the most appropri- 
ate preheat temperature, the dose recovery ratio (Murray 
& Wintle, 2003) was determined for preheat temperatures 
between 200 and 260°C for 10 s following all natural and re- 
generation doses, and 200°C for 1 s following all test doses, 
using sample JWS 1. The aliquots were first bleached twice 
with 1000 s blue stimulation at room temperature separated 
by a 5000 s pause to allow the decay of any charge trans- 
ferred to the 110°C TL trap, before giving a dose approxi- 
mately equal to the natural dose. This dose was then meas- 
ured in the same manner as if measuring the equivalent dose 
to provide confirmation that the protocol is able to recover a 
known dose successfully. If the SAR protocol is appropriate 
for our samples, the measured to given dose ratio should be 
close to unity. The measured dose/given dose ratio is close 
to unity for preheat temperatures of 220°C and 240°C (0.99 ± 
0.01). We chose a preheat temperature of 240°C for our meas- 
urements. Fig. 2 shows the dose response curve for sample 
JWSl. This curve is representative for all measured samples. 
Fine-grain equivalent doses (D e ) were measured for samples 
JWSl, JWT3 and JWT7 and range from 440 ± 30 Gy to 580 ± 
40 Gy (Table 3); the Devalues for all samples are about -130- 
150 Gy, when the dose response curve is fitted to a single 
saturating exponential plus linear function, 

I = I max (l-exp(-D/D )) + kD, 
(l) where I is the sensitivity corrected OSL intensity, I max 
is saturation intensity of OSL, D is dose, and D is the 
characteristic saturation dose. 



Wintle & Murray (2006) suggested equivalent dose (D e ) 
values should only be reported up to ~2D . In our case it 
should therefore be possible to measure doses up to about 
-260-300 Gy using our material, although the laboratory- 
generated dose response curves continue to grow up to ~ 1000 
Gy, because of a more slowly saturating component which is 
expressed by the linear term in equation 1. Buylaert et al. 
(2007), Timar et al. (2010) and Lowick et al. (2010a,b) made 
similar observation for their fine-grain quartz samples and 
concluded that equivalent doses larger than 2D (-120-140 
Gy) were not very reliable. At doses higher than this value 
they observed an increasing age underestimation towards 
the Eemian. The samples described by Lowick et al. (2010b) 
passed all standard performance criteria and still show an 
increasing dose response curve at 500 Gy. Taking all these 
observations into account, we consider our quartz fine-grain 
equivalent doses to be in or close to saturation, and conclude 
that they provide a minimum dose estimate of -450 Gy for 
the youngest sample. 

4.2 IRSL dating of polymineral fine-grains 

Post-IR IRSL measurement sequence 

Based on the work of Thomsen et al. (2008), Buylaert et al. 
(2009) proposed a new SAR protocol, with detection in the 
blue (320-460 nm). This protocol involved elevated tempera- 
ture stimulation with IR for 100 s at 225°C (pIRIR 225 ), follow- 
ing stimulation with IR for 100 s at 50°C, a so-called post- 
IR IRSL measurement sequence (Table 2), and these authors 
chose a preheat of 250°C to make their results comparable to 
other studies. Recently Thiel et al. (2011) used a preheat of 
320°C for 60 s for their post-IR IRSL protocol and used a stim- 
ulation at 290°C for 200 s after bleaching the aliquots with 
IR diodes at 50°C for 200 s to date polymineral fine-grains. 
Buylaert et al. (2009) showed that the observed fading rates 
for their post-IR IRSL signal (stimulated at 225°C) were sig- 
nificantly lower than from the conventional IR 50 and that 
the signal is bleachable in nature. Thiel et al. (2011) reported 
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tion and before measurement. This sequence was repeated 
several times on each aliquot. The fading rates are expressed 
in terms of the percentage decrease of intensity per decade of 
time (g-value; Aitken, 1985; Auclair et al, 2003). G-values 
were calculated according to Huntley & Lamothe (2001) 
using the signal integration limits as for the D e calculation. 
Fading corrections use the methods proposed in Huntley & 
Lamothe (2001); it is recognised that this method is strictly 
applicable only for natural doses in the linear region of the 
growth curve, although Buylaert et al. (2008; 2009; in press) 
have shown that the correction can give accurate ages out- 
side of this range. 

Luminescence characteristics and performance in SAR 
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Fig. 2: Dose response and decay curve for sample JWSl showing the OSL 
from fine grain quartz. 

Abb. 2: Aufbaukurve und Zerfallskurve fur Probe JWSl fur OSL von Feinko- 
rn Quarz. 



Tab. 2: Elevated temperature post-IR IRSL measurement sequence. 
Tab. 2: Post-IR IRSL Messprotokoll. 



Step 


Treatment 


Observed 


1 


Dose 




2 


Preheat 60s at 250°C / 60s at 320°C 




3 


IR stimulation, 100s at 50°C/ 
200sat50°C 


Lx 


4 


IR stimulation, 100s at 225°C / 
200sat290°C 


Lx 


5 


Test dose 




6 


Preheat 60s at 250°C / 60s at 320°C 




7 


IR stimulation, 100s at 50°C/ 
200sat50°C 


Tx 


8 


IR stimulation, 100s at 225°C / 
200sat290°C 


Tx 


9 


IR stimulation, 40s at 290°C/ 
40sat325°C 




10 


Return to step 1 





natural signals in saturation on the laboratory growth curve 
and concluded that fading is negligible for their samples. 

In this study, the pIRIR 225 protocol is applied to polymin- 
eral fine-grains from the Jungfernweiher, and in addition the 
pIRIR 290 is measured for two samples. The initial 2 s of the 
post-IR IR signal are used for calculating the D e values, with 
a background based on the signal observed in the last 10 s of 
the decay curve. To test for anomalous fading and to com- 
pare the fading rates of the IR 50 , the pIRIR 225 and the pIRIR 290 , 
those aliquots which had been used for D e measurement 
were then used to test for fading, by dosing and preheating 
the aliquots and then storing for various delays after irradia- 



pIRIR 225 for the uppermost sample JWSl (-17 m) and for the 
lowermost sample JWT8 (-94 m) is shown in Fig. 3a,b. The 
curves are representative for all the other samples measured 
using the pIRIR 225 . The natural IRSL signal clearly lies below 
the natural post-IR IRSL signal, by about 15-20% on average. 
The shapes of the growth curves are similar but the growth 
curve for IR 50 tends to lie somewhat above the curve for pIR- 
IR 225 for all our samples. Fig.4 a, b shows corresponding dose 
response and decay curves for IR 50 and pIRIR 290 for the up- 
permost sample JWSl (-17 m) and for one of the lowermost 
samples JWS8 (-94 m). As for pIRIR 225 , the natural pIRIR 290 
lies clearly above the natural IRSL signal, and the growth 
curves for IR50 lie somewhat above the curves for pIRIR 290 
for all samples. Fig. 5 a, b show dose response curves and 
decay curves for IR 50 , the pIRIR 225 and pIRIR 290 for sample 
JWT9. This is in contrast to the study of Buylaert et al. 
(2009) who observed that the shape of the growth curves for 
IR50 and pIRIR 225 are indistinguishable. Thiel et al. (2011) 
also investigated IR 50 and pIRIR 290 growth curves and ob- 
served very similar shapes. In our study, the pIRIR 225 from 
all the samples is brighter (-12-20%) than for the IR 50 . The 
pIRIR 290 is -3 times brighter than for the IR 50 . Buylaert et 
al. (2009) and Thiel et al. (this issue) made similar obser- 
vations. Recycling ratios for our samples range from 0.96 ± 
0.01 to 1.02 ± 0.02 for the IR 50 and from 0.95 ± 0.02 to 0.98 ± 
0.01 for pIRIR 225 . Recuperation for all the IRSL, pIRIR 225 and 
pIRIR 290 signals is below 5% of the natural signal. To test the 
applicability of the post-IR IRSL protocol using a stimulation 
temperature of 225°C, the dose recovery ratio was measured 
for all samples (Murray & Wintle, 2003). The aliquots were 
bleached for 4 hours in a Honle SOL2 solar simulator before 
giving a dose approximately equal to the natural dose. Fig. 
6a shows the results of the dose recovery test for all samples 
for IR 50 and pIRIR 225 . The mean ratio of the measured to giv- 
en dose is 1.060 ± 0.011, n = 21 for IR 50 and 0.98 ± 0.006, n = 
21 for pIRIR 225 confirming the suitability of our post-IR IRSL 
protocol. To confirm that IRSL and post-IR IRSL signals are 
bleachable by natural daylight we exposed three aliquots per 
sample for four hours to a Honle SOL2 solar simulator and 
then measured the apparent dose in the usual manner. The 
results are shown in Fig. 6 b. The residual doses range from 
2.21 ± 0.13 Gy to 2.84 ± 0.01 Gy, with a mean of 2.37 ± 0.15 
Gy (n = 18) for IR 50 and from 3.92 ± 0.51 Gy to 5.54 ± 0.91 Gy, 
with a mean of 4.88 ± 0.19 Gy (n = 19) for pIRIR 225 . The re- 
sidual doses were subtracted from the measured equivalent 
doses (D e ) for age calculation. 



E&G/Vol. 60/ No. 1/ 2011/ 105-115/ D0I 10.3285/eg. 60. 1.07 / ©Authors / Creative Commons Attribution License 



109 



a) 



Sample JWS1 




b) 



CO 

T3 
(1) 



• iR 5 o 

■ Natural 
A Recycling 
O PlRlR 225 
D Natural 
Recycling 



400 800 1200 1600 

Dose (Gy) 



Sample JWT8 



400 



800 

Dose (Gy) 



1200 




Fig. 3: Dose response and decay curves for sample a) JWSl and b) JWS8 
showing the IR 50 (filled symbols) and the pIRIR 225 (open symbols). 

Abb. 3: Aufbaukurve und Zerfallskurve fur Proben a) JWSl (gefullte Sym- 
bole) und b) JWS8 (offene Symbole) fur das IR 50 und das pIRIR 225 Signal. 



Equivalent Dose (D e ), fading rates and age estimates 

Equivalent doses (D e ) have been measured using IR 50 and 
pIRIR 225 for all samples, and pIRIR 290 for three samples. Ta- 
ble 3 summarises the equivalent doses, saturation of the sig- 
nal, recycling ratio, dose recovery results, residual doses, 
g-values and the resulting luminescence ages for all sam- 
ples. The equivalent doses (D e ) obtained using the IR 50 are 
in the range of -500-700 Gy for core JW3 except for sample 
JWT8 which gives a significantly higher dose of 871 ± 63 Gy. 
These De estimates give minimum (uncorrected for fading) 
age estimates between 113 ± 9 ka and 240 ± 20 ka. De values 
obtained for IR 50 do not increase systematically with depth, 
and indicate that this signal is in field saturation (equilib- 
rium between the accumulation of new charge and the loss 
by anomalous fading) at -500 Gy. Similar results were ob- 
tained by Degering & Krbetschek (2007a) on two samples 



with a depth of 104.5 m and 122.5 m from core JW2 from 
Jungfernweiher. They applied a multiple aliquot additive 
dose (MAAD) protocol to the polymineral fine-grain fraction 
and obtained equivalent doses (De) of 441 ± 49 Gy and 517 
± 62 Gy. The Devalues of all IRSL and post-IR IRSL signals 
are about -500-600 Gy suggesting that doses up to about 
-1000-1200 Gy can be measured. The equivalent doses ob- 
tained using pIRIR 225 from feldspar range from 846 ±52 Gy 
to 1174 ± 64 Gy for core JW3, which is -25-50% higher than 
those obtained using IR 50 . The De values of pIRIR 225 increase 
with depth, but the values for the lowermost two samples 
are already in the range of 2D . This suggests a minimum un- 
corrected age of -200 ka for the youngest sample. De values 
for pIRIR 290 signal are only available for sample JWS 1 (1137 
± 17 Gy) and for sample JWS 8 (1373 ± 53 Gy); these values 
are -15-25% higher than the equivalent doses (D e ) obtained 
using the pIRIR 225 and give minimum age estimates of -260 
ka for the youngest sample and -390 ka for one of the two 
oldest samples of JW3. The ages increase with depth but the 
De values are in the range of or exceed 2D . The uncorrected 
pIRIR 225 ages underestimate the uncorrected pIRIR 290 age es- 
timates by about 25-30 % on average, presumably because 
the pIRIR 225 signals have to be corrected for fading. The ra- 
tio of the sensitivity-corrected natural signal to the labora- 
tory saturation level was calculated for IR 50 , pIRIR 225 and for 
pIRIR 290 signals, and average values of 0.58 ± 0.04, 0.79 ± 0.03 
and 0.79 ± 0.01 for IR 50 , pIRIR 225 and pIRIR 290 were obtained, 
respectively. Schmidt et al. (submitted) tested the pIRIR 290 
protocol on polymineral fine grains from Serbian loess in- 
vestigating the behavior of both IR 50 and pIRIR 290 in mate- 
rial close to or in saturation with a focus on the relationship 
between field and laboratory saturation. They could demon- 
strate that field saturation is equal to laboratory saturation 



for pIRIR 2 « 



, the ratio of the natural signal to the labora- 



tory saturation level is close to 1. These findings show that 
the measured samples are not yet in field saturation for pIR- 
IR 290 signal. Sample JWT9 (Fig. 5 a,b), which was taken from 
core JW2 was measured using IR 50 , pIRIR 225 and pIRIR 290 . The 
equivalent doses (D e ) obtained using IR50 are around 600 Gy, 
which is in the range of the field saturated results for JW3 
using this signal. For pIRIR225 an equivalent dose (D e ) of 
1041 ± 30 Gy was measured, which is in the range of 2D . For 
pIRIR 290 an equivalent dose (D e ) could not be calculated as 
the natural signal lies very close to the saturation level; the 
ratio of the sensitivity-corrected natural signal to the labora- 
tory saturation level is 0.99 ± 0.01 (n=3) indicating that this 
sample is in saturation. Therefore, only a minimum dose es- 
timate of -270 ka based on the 2D value (86% of saturation) 
can be derived (-1100 Gy). 

The measured fading rates for IR 50 , pIRIR 225 and pIR- 
IR 290 are shown in Fig. 7. For IR 50 , the g-values range from 
3.64 ± 0.12%/decade to 4.79 ± 0.11%/decade, with an average 
of 4.09 ± 0.02%/decade, n = 21, and for the pIRIR 225 signal, 
from 2.1 ± 0.2%/decade to 3.3 ± 1.0%/decade, with an aver- 
age of 2.55 ± 0.14%/decade, n = 21 (Fig. 8). These data suggest 
that pIRIR 225 fades by -40% less than IR 50 . For sample JWSl a 
g-value of 0.5 ± 1.1%/decade for pIRIR 290 was obtained. Simi- 
lar fading rates for the pIRIR 225 and pIRIR 290 are reported 
by Thiel et al. (this issue) for their polymineral fine-grain 
samples, although they measured lower fading rates for IR 50 . 
The fading corrected age estimates for IR 50 and pIRIR 225 are 
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Fig. 4: Dose response and decay curves for sample a) JWSl and b) JWT8 
showing the IR 50 (filled symbols) and the pIRIR 290 (open symbols). 

Abb. 4: Aufbaukurve und Zerfallskurve fur Proben a) JWSl (gefiillte Sym- 
bole) und b) JWS8 (offene Symbole) fur das IR 50 und das pIRIR 290 Signal. 
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Fig. 5 a, b: Dose response and decay curves for sample JWT9 showing the 
IR 50 , pIRIR 225 and the pIRIR 290 . 

Abb. 5 a, b: Aufbaukurve und Zerfallskurve fur Probe JWT9 fur das IR 50 , 
das pIRIR 225 und das pIRIR 290 Signal. 



listed in Table 3. The IR 50 age estimates range from 188 ± 
19 ka to 400 ± 80 ka. The age estimates for pIRIR 225 range 
from 270 ± 40 ka to >450 ka. The age estimates for pIRIR 290 
are not fading corrected; Thiel et al. (2011) argue that fad- 
ing rates below 1%/decade may not be significant, based on 
their finding of natural signals in saturation on a laboratory 
growth curve. The age estimates obtained for IR 50 are con- 
sistently lower than those from pIRIR 225 , except for sample 
JWT 3 and JWT 8. In contrast, our fading corrected pIRIR 225 
age estimates are consistent with those from the uncorrected 
pIRIR 290 . The underestimates from IR 50 are consistent with 
the observation that this signal is in field saturation. 

5 Discussion 

Both pIRIR 225 and pIRIR 290 D e values from the youngest sam- 
ple (-16 m below modern surface) indicate a minimum (un- 



corrected for fading) age of -200 ka for the deposits from 
Jungfernweiher. Fading corrected pIRIR 225 and uncorrected 
pIRIR 290 age estimates increase with depth from -250 ka 
for the uppermost sample up to -400 ka for the oldest sam- 
ples taken -94 m below modern surface indicating an ac- 
cumulation of -100 m over at least 150 ka. Thus according 
to post-IR IRSL ages, Jungfernweiher was effectively filled 
up with sediments -250 ka ago, and there either has been 
very little deposition since then, or younger sediments have 
been eroded. However, there are uncalibrated radiocarbon 
age estimates ranging from 34.5 ± 2.1 ka BP to 56 ± 4 ka 
BP (no systematic increase with depth) which might indi- 
cate that these deposits are of late Weichselian age. Lenaz 
et al. (2010) also regard it as possible that the tephra layer 
at a depth of 107.39 m could be correlated with the Rocourt 
Tephra which has an age range between 90.3 and 74 ka. One 
possible explanation for our high D e -values can be based on 
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b) Residual doses 
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Fig. 6: Dose recovery test (a) and the residual doses (b) for the IR 50 and the 
pIRIR 225 signal for all samples. Three aliquots were measured per sample. 
Error bars represent 1-sigma standard error. 

Abb. 6: Dose recovery test (a) und residuale Dosen (b) fur das IR 50 und das 
pIRIR 225 Signal fur alle Proben. Drei Aliquots wurden pro Probe gemessen. 
Die Fehlerbalken stellen den 1-sigma Standardfehler dar. 

mixing of well-bleached aeolian dust with locally eroded old 
(field saturated) crater-wall sediment - then the sediment 
would have been deposited with an average finite residual 
dose, perhaps close to saturation. However, a simple mixing 
model indicates that for such a mixture to have been depos- 
ited at, say, -20 ka, one would require >75% of the total lake 
sediment to be locally-derived old material in order to give 
a dose indistinguishable from field saturation today. Such a 
large catchment input to a maar lake seems very unlikely. 
Overestimated D e -values could, of course, also arise because 
of incomplete bleaching. However, it seems most likely that 
the laminated coarser dust-storm and loess layers were de- 
posited during high-glacial times; if such aeolian dust is 
making up a very large part of the sediment inventory it is 
difficult to accept that the IRSL is not well-bleached. There 
is considerable evidence in the literature that the IR 50 from 



loess and from sediments originating from dust storms is 
well bleached (Roberts, 2008). It is also known that the fast 
component of quartz can be depleted in only a few minutes 
exposure to daylight (Godfrey-Smith et al, 1988) and yet 
we still obtain an equivalent dose for the fine-grain quartz of 
441 ± 28 Gy giving a minimum age estimate of ~ 100 ka based 
on the 2D value of -260-300 Gy for the youngest sample. Fi- 
nally, a study from a nearby East Eifel crater fill (Schmidt et 
al, 2011) showed that the pulsed pIRIR 150 from loess deposits 
in this area is in fact well bleached. Their luminescence age 
estimates are in good agreement with stratigraphic evidence 
and with independent age control provided by 40 Ar/ 39 Ar dat- 
ing of intercalated air-fall tephra and scoria. Thus we appear 
to have a discrepancy between the established stratigraphy 
and all IRSL data. Most of the radiocarbon ages are in the 
range of -43-55 ka (except for one of -35 ka) which is at or 
close to the upper age limit of the method. Luminescence age 
estimates are provided by Degering & Krbetschek (2007a) 
on two samples with a depth of 104.5 m and 122.5 m from 
core JW2 yielding equi-valent doses (D e ) of 441 ± 49 Gy and 
517 ± 62 Gy. Age estimates of 98 ± 15 ka and 117 ± 18 ka 
were calculated for these samples. To enable comparison of 
our results for samples from the drill core JW3 and the pub- 
lished age estimates of Degering & Krbetschek (2007a) we 
additionally measured one sample (JWT9) from drill core 
JW2 taken from a depth of 104.5 m. The results show that 
this sample is in saturation for all the different signals, IR 50 , 
pIRIR 225 and for pIRIR 290 suggesting a minimum age estimate 
of -270 ka for pIRIR 290 signal for this sample. The calculated 
age estimates of Degering & Krbetschek (2007a) are un- 
derestimating our results significantly. One possible reason 
might be field saturation of their signal, i.e. the trap filling 
and anomalous fading had reached to the equilibrium state. 
In addition, the association of the tephra at 107 m with the 
Rocourt Tephra is not secure. In our view the post-IR IRSL 
ages represent the most secure ages for this deposit. It has to 
be mentioned, that one co-author (F.Sirocko) does not agree 
with this interpretation and proposes an alternative stratig- 
raphy for core JW3 and neighbouring core JW2 (see appen- 
dix). 

6 Conclusion 

We have investigated the application of luminescence dat- 
ing to maar lake sediments from the dry maar Jungfern- 
weiher in the West Eifel volcanic field by using quartz OSL 
and two different protocols for feldspar IRSL. Using OSL, 
we obtained D e values ranging from 440 ± 30 Gy to 580 ± 40 
Gy for the fine-grain quartz extracts.All these results exceed 
the 2D0 value of -260-300 Gy corresponding to minimum 
ages of -80-100 ka (although the laboratory growth curve 
does not fully saturate before -1000 Gy). For polymineral 
fine-grains, the D e values obtained for IR 50 do not increase 
with depth, and indicate that this signal is in field saturation 
at -500 Gy. The D e values for pIRIR 225 and pIRIR 290 are in- 
creasing with depth from -800 Gy to -1400 Gy, suggesting a 
minimum age of -200 ka for the youngest material, although 
the obtained equivalent doses (D e ) are already in the range 
or exceeding 2D for two bottom samples for JW3 and the 
sample from JW2. Mean laboratory fading rates are 4.09 ± 
0.02%/decade for IR 50 and 2.55 ± 0.14%/decade for pIRIR 225 . 
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Fig. 7: Fading rates for the post the IR 50 and pIRIR 225 signals for all sam- 
ples. Three aliquots were measured per sample. Error bars represent 
1-sigma standard error. 

Abb. 7: Fadingraten fur das IR 50 und das pIRIR 225 Signal fur alle Proben. 
Drei Aliquots wurden pro Probe gemessen. Die Fehlerbalken stellen den 
1-sigma Standardfehler dar. 
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Fig. 8: Anomalous fading ofIRSL 50 , pIRIR 225 and pIRIR 290 signals. 
Abb. 8: Anomalous fading fur IRSL 50 , das pIRIR 225 und das pIRIR 290 
Signal. 

Although we observed a g-value of 0.52 ± 1.12%/de-cade for 
pIRIR 290 from sample JWSl, we have chosen not to correct 
the age estimates for pIRIR 290 for fading. Corrected age esti- 
mates for pIRIR 225 range from 270 ± 40 ka to >450 ka. These 
ages are consistent with uncorrected pIRIR 290 age estimates. 
Not surprisingly, fading corrected age estimates obtained for 
IR 50 underestimate the fading corrected age estimates for 
pIRIR 225 . However radiocarbon age estimates and a possible 
tephra association suggest that these dated deposits should 
be of late Weichselian age. Based on the results from a sim- 
ple sediment mixing model and on the results from analy- 
ses of well-bleached aeolian material from the nearby East 
Eifel, it is not likely that the high Devalues observed within 
this study could originate from mixing or incomplete bleach- 
ing. Therefore we regard the results from the luminescence 
measurements conducted within this study to represent 
the most reliable age estimates for the sediments from the 
Jungfernweiher. The discrepancy between the established 



stratigraphy and the IRSL data from this study remains to 
be explained. 
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Appendix 



One of the co-authors (Frank Sirocko) has a different 
chrono stratigraphical interpretation, which he describes in 
detail in a paper under submission. F. Sirocko interprets the 
luminescence dates from this study as result of a mixture 
of an eolian fraction with grains from the wave-generated 
erosion of soil material, which is again a mixture from the 
Devonian bedrock and loess of MIS6 or older. 

According to Sirocko et al. (unpublished) the strati- 
graphical framework for JW2 and JW3 is as follows: 

Scoria from the Laacher See eruption is apparent in the 
soil at 1 m depth, correlating to an eruption age of about 
12.9 ka. Sediments from 1-22 m are free of clay and are re- 
garded as a mixture from eolian deposition and wave gen- 
erated suspensions. These sediments are free of pollen and 
correlate to the last glacial maximum (LGM). The relative 
paleointensity variation of sediment magnetisation places 
the Mono Lake Event at 24 m indicating an age of 30 ka ac- 
cording to the GLOPIS paleomagnetic stack, which is based 
on a GISP2 derived age model. A tuning of the greyscale 
variations between 25 and 41 m reproduces almost per- 
fectly the succession of the Greenland Interstadials GI3-17. 
The second minimum of the relative paleointensity is at 
32.5 m and correlates most likely to the Laschamps Event. 
The MIS3 sections of JW2 and JW3 have been studied by 
several 14 C dates giving ages around 50 ka representing the 
upper dating limit of the 14 C method. This would imply that 
all organic particles in JW3 are derived from soils of GI14, 
which was the warmest period of MIS3. 

The markers of MIS5 start with a prominent step in the 
paleomagnetic inclination record at 81 m representing a 
principle change that was dated in the Monticchio record 
to 75 ka. The end of this inclination maximum is at 99 m, 
representing 86 ka. A tephra consisting of the same geo- 
chemical composition as the Roucourt tephra in France is 
visible in JW3 at 107.4 m, which would place this depth at 
around 90 ka. The sediments below yield two IRSL ages of 
93 ka and 100 ka (Degering & Krbetschek, 2007a). The 
greyscale record between 75 m and 130 m can be perfectly 
tuned to the Greenland ice core stadial/interstadial succes- 
sion and also the North Atlantic C-events. A tephra with an 
identical zonation to the Dumpelmaar tephra is visible at 
139 m; this tephra was dated at the Herchenberg section to 
116±10 ka. The succession of the markers of core JW3 ends 
with the occurrence of interglacial pollen at depth below 
145 m most likely representing the Eemian. 



E&G/Vol. 60/ No. 1/ 2011/ 105-115/ D0I 10.3285/eg. 60. 1.07 / ©Authors / Creative Commons Attribution License 



115 



E&G 



Quaternary Science Journal 

Volume 60 / Number 1 / 2011 / 116-125 / DOI 10.3285/eg.60.1.08 
www.quaternary-science.net 



GEOZON SCIENCE MEDIA 
ISSN 0424-7116 



Luminescence dating of the loess/palaeosol sequence at the 
gravel quarry Gaul/Weilbach, Southern Hesse [Germany] 

Esther Dorothe Schmidt Arno Semmel Manfred Frechen 



Abstract: 



Kurzfassung: 



Keywords: 



A thick Middle and Late Pleistocene loess/palaeosol sequence is exposed at the gravel quarry Gaul located east of Weilbach in the 
southern foreland of the Taunus Mountains. The loess/palaeosol sequence correlates to the last three glacial cycles. Seven samples 
were dated by luminescence methods using an elevated temperature IRSL (post-IR IRSL) protocol for polymineral fine-grains to 
determine the deposition age of the sediment and to set up a more reliable chronological framework for these deposits. The fading 
corrected IR 50 and the pIRIR 225 age estimates show a good agreement for almost all samples. The fading corrected IRSL ages range 
from 23.7 ± 1.6 ka to >350 ka indicating that the oldest loess was deposited during marine isotope stage (MIS) 10 or earlier and that 
the humic-rich horizon (Weilbacher Humuszone) was developed during the late phase of MIS 7. Loess taken above the fCc horizon 
most likely accumulated during MIS 6 indicating that the remains of the palaeosol are not belonging to the last interglacial soil. 
The two uppermost samples indicate that the youngest loess accumulated during MIS 2 (Upper Wurmian). Age estimates for the 
loess-palaeosol sequence of the gravel quarry Gaul/Weilbach could be obtained up to -350 ka using the pIRIR 225 from feldspar. 

(Lumineszenz-Datierung der Loss-Palaoboden-Sequenz in der Kiesgrube Gaul/Weilbach, Sudhessen] 

Eine machtige Loss-Palaoboden-Sequenz des Mittel- und Spatpleistozans ist in der Kiesgrube Gaul ostlich von Weilbach im sudli- 
chen Taunusvorland aufgeschlossen. Losse der letzten drei Glazialzyklen, mit zwischengeschalteten Palaoboden, sind aufgeschlos- 
sen. Sieben Proben wurden mit der Lumineszenz-Datierungsmethode, basierend auf einem post-IR IRSL Messprotokoll, untersucht, 
um einen verlasslicheren chronologischen Rahmen fur diese Sedimente zu etablieren. Die „fading" korrigierten IR50 und die pl- 
RIR 225 Alter sind fur fast alle Proben in guter Ubereinstimmung. Die IRSL Alter reichen von 23.7 ± 1.6 ka bis >350 ka und deuten 
an, dass der alteste Loss wahrend des marinen Isotopenstadiums (MIS) 10 oder fruher abgelagert wurde, und dass die Weilbacher 
Humuszonen sehr wahrscheinlich wahrend einer spaten Phase des MIS 7 gebildet wurden. Losse iiber dem fCc Horizont wurden 
sehr wahrscheinlich wahrend des MIS 6 abgelagert, was darauf hindeutet, dass die Reste des Palaobodens nicht mit dem letzten 
Interglazial korrelieren. Die beiden obersten Proben deuten darauf hin, dass der jiingste Loss wahrend dem letzten Pleniglazial 
(Oberwurm, MIS 2) abgelagert wurde. Mit dem pIRIR 225 Signal konnten Alter bis -350 ka fur die Proben der Loss-Palaoboden- 
Sequenz in der Kiesgrube Gaul gemessen werden. 

loess, luminescence dating, IRSL, fading, Weilbach, chrono stratigraphy 
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Introduction 



Loess records are sensitive archives of climate change and 
provide important information on local and regional en- 
vironmental processes and conditions for the Middle and 
Late Pleistocene period in Europe. The southern foreland 
of the Taunus mountains (Fig.l), which are part of the Rhe- 
nish Massif in Germany, consists mainly of Pleistocene ter- 
races of the river Main covered by thick loess/palaeosol 
sequences. 

For these deposits it was suggested that each palaeosol 
or fossil Bt horizon (= fossil argillic B horizon) correlates 
to an interglacial sensu stricto (Fink, 1973). Semmel (1967, 
2005) questioned this suggestion because there are loess 
sequences in Western Europe which contain much more 
fossil Bt horizons than evidenced by palynological studies. 
The Upper Pleistocene Lower terraces of the river Main (t6 
and t7 sensu Semmel, 1969) are not covered by such argillic 



horizons. The stratigraphically older terraces t5 and t4 are 
covered by loess and intercalated by a fossil Bt horizon and 
by two Bt horizons, respectively. 

In contrast to the studies of Semmel (1969), only one hurr- 
ied Bt horizon, intercalating the loess covering terrace t4, 
was found at the gravel quarry Gaul located east of Weilbach 
during the excavation of the past years (Semmel, 2005). The 
latter Bt horizon is covered by two humic horizons ("Hu- 
muszonen"). A significant hiatus truncates the uppermost 
humic horizon followed by the typical Late Wurmian loess 
succession including Lohne Soil, tundra gleys ("NaBboden") 
E2 and E3, and the Eltville Tephra (Semmel, 1967; stratigra- 
phy after Schonhals et al, 1964; local description after Sem- 
mel, 2005a). This loess/palaeosol sequence was studied along 
an about 1 km long exposed wall at the gravel quarry Gaul. 
However, below a weak palaeosol designated to correlate to 
the Middle Wurmian Lohne Soil, a continuous fCc horizon 
including large, mainly vertical exposed carbonate concre- 



116 



E&G /Vol. 60/ No. 1/ 2011/ 116-125/ DOI 10.32B5/eg.B0.1.0B /©Authors/ Creative Commons Attribution License 





8 a 10E 














/r 


• 


Wiesbaden 


WEILBACH 

J 


Eltville am Rhein^ 


" RheTrT' 










^^ Main 


j^ 50°N 




Ma 


" 3i 






We 


isenau ™^L 




, 5 km , 









Fig. 1: Map showing the location of the loess/palaeosol sequence exposed at 
the gravel quarry Gaul/Weilbach. 

Abb. 1: Lage der Loss-Palaoboden Sequenz in der Kiesgrube Gaul/Weilbach. 



tions ("loess dolls") of about 20 cm length, sometimes with 
remains of brown clayey loam, was exposed. It is likely that 
these remains belong to a fossil Bt horizon (Semmel, 2005). 
Independent stratigraphical age control is provided by the 
occurrence of the Eltville Tephra, a widespread marker hori- 
zon in this region which most likely resulted from an erup- 
tion of the Eifel volcanic field (Semmel, 2007). The Eltville 
Tephra has been investigated by several dating studies at 
different sections. The mean luminescence age values are be- 
tween 19.2 ka and 20.6 ka for this tephra horizon (Wintle 
& Brunnacker, 1982; Zoller, 1989; Frechen & Preusser, 
1996; Antoine et al, 2009). Zoller & Semmel (2001) pro- 
vided mean TL age estimates of 21 ka for loess above the 
Eltville Tephra and 25 ka below. So far numerical age esti- 
mates are still lacking for the loess deposits from the Weil- 
bach section making it difficult to interpret the terrestrial 
climate archives as well as to correlate the loess/palaeosol 
sequences with other loess records. The nearby loess record 
from Mainz-Weisenau was described in detail by Semmel 
(1995). Thermoluminescence (TL) age estimates for the de- 
posits of the Mainz-Weisenau section were presented by 
Buschbeck (1993) and Zoller (1995). Frechen & Preuss- 
er (1996) provided thermoluminescence (TL) and infrared 
stimulated luminescence (IRSL) age estimates. These previ- 
ous studies provided TL and IRSL ages up to about 100 ka, 
which was thought to be the upper dating limit that time 
(Frechen, 1999). 

This study presents the first optically stimulated 
luminescence (OSL) dating results from the loess/palaeosol 
sequence at the gravel quarry Gaul located east of Weil- 
bach based on a post-IR IRSL measurement sequence. The 
IRSL signal measured at 50°C and the subsequent post-IR 
IRSL signal measured at 225°C using the latter sequence are 
hereafter referred to as IR 50 and pIRIR 225 , respectively. Our 
study aims to set up a more reliable chronological frame- 
work for this loess/palaeosol sequence. Furthermore, we 
want to answer the question whether the oldest Bt horizon 
correlates to the Middle Pleistocene (antepenultimate or 
penultimate interglacial) or to the Upper Pleistocene. 



Loess/palaeosol sequence at the gravel quarry Gaul/ 
Weilbach 

The loess/palaeosol sequence with indicated sample posi- 
tions for luminescence dating is shown in Fig. 2. The co- 
ordinates of the section under study are 55°46'28,7" N and 
8°44'35,5" E. The location of the profile under study with- 
in the terrace sequence of river Main is shown in Fig. 3. 
The gravel of terrace t4 is covered by carbonate-free flood 
loam, which changes to the top into calcareous loess (1 
in Fig. 2). Sample Wei 7 was taken from this loess unit. 
This layer is covered by a 30 cm thick fCc horizon includ- 
ing large carbonate concretions, which form the bottom 
of a reddish brown fBt horizon (2 in Fig. 2). The truncated 
palaeosol is pale coloured owing to secondary carbonate 
infiltration. In the profile under study the fBt horizon is 
about 90 cm thick but varies strongly in thickness along 
the quarry wall owing to erosion postdating the soil form- 
ing processes. The truncated palaeosol is covered by car- 
bonate-rich, greyish brown loess loam (about 30 cm thick) 
below a brown spotted dark humic-rich horizon ("Weil- 
bacher Humuszone") (4 in Fig. 2, about 70 cm thick). Sam- 
ple Wei6 was taken from this horizon. The humic-rich ho- 
rizon is covered by a solifluction layer of reworked humic- 
rich material including loess loam and calcareous loess, 
which is about 60 cm thick. Sample Wei5 was taken from 
this unit (5 in Fig. 2). This layer is covered by light brown 
about 50 cm thick loess with carbonate pseudomicelium 
including a truncated fCc horizon with up to 20 cm large 
carbonate concretions (6 in Fig. 2). Sample Wei4 was taken 
from this reworked loess. Along the quarry wall, reddish 
brown remains of loam are found around these carbon- 
ate concretions (Fig. 2a). Close to the profile from Fig. 2 a 
truncated Bt horizon about 60 cm thick is exposed along 
the quarry wall above the fCc horizon in a dell filled with 
loess (Fig. 2b). The uppermost part of the loess/palaeosol 
sequence includes weak palaeosols correlating to the Mid- 
dle Wurmian Lohne Soil (7 in Fig. 2) and to the Upper 
Wiirmian sequence including tundra gley E2 (8 in Fig. 2), 
tundra gley E3 and the Eltville Tephra (9 in Fig. 2). Sample 
Wei3 was taken below the Lohne Soil, sample Wei2 below 
the tundra gley E2 and sample Weil below the tundra gley 
E3. 

The stratigraphic interpretation of the profile is based on 
the local stratigraphical loess scheme (Semmel, 1968; 2005) 
suggesting that the oldest exposed fBt horizon (2 in Fig. 2) 
correlates to the antepenultimate or penultimate intergla- 
cial designated to be older than -200 ka. The humic-rich 
horizon correlates most likely to the "Weilbacher Humus- 
zone", which correlates to an interstadial period during the 
early penultimate glacial period (Semmel, 1968) and the fCc 
horizon (6 in Fig. 2) most likely correlates to the last inter- 
glacial. The loess sequence covering the fCc horizon cor- 
relates most likely to the Middle and Upper Wurmian, as 
indicated by the exposed typical marker horizons. 

Experimental details 

The samples were taken in light-tight plastic cylinders and 
the sediment was extracted under subdued red light and pre- 
treated with 10% hydrochloric acid to remove carbonates, so- 
dium oxalate to dissolve aggregates and 30% hydrogen per- 
oxide to remove organic matter. The material was then re- 
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Fz'g. 2; Loess/ palaeosol sequence at the gravel quarry Gaul/Weilbach with a) loess concretions ofthefCc horizon with remains of brown Bt material 
and b) two fossil Bt-horizons near the profile of Fig. 2. 9 = E3 tundra gley, above the Eltville tephra (Weil was taken below), 8 = E2 tundra gley, greyish 
compact loess (Wei2 was taken below), 7 = Lohne soil (Wei3 was taken below), 6 = fCc-horizon with carbonate concretions (Wei4 was taken below), 5 
= reworked humic-rich material (Wei5), 4 = humic-rich horizon ("Weilbacher Humuszone") (Wei6), 3 = reworked carbonate-rich loess loam, 2 = fBt- 
horizon, 1 = oldest loess (Wei7) 

Abb. 2: Loss-Palaoboden Sequenz in der Kiesgrube Gaul/Weilbach mit a) Losskindl im fCc-Horizont mitResten braunen Bt-Lehms und b) zwei 
fossilen Bt-Horizonten nahe des Hauptprofils. 9 = E3-Nassboden mit hangendem dunkleren Bandchen des Eltviller Tuffs (darunter wurde Weil 
entnommen), 8 = E2-Nassboden, grauer dichter Loss (darunter wurde Wei2 entnommen), 7 = Lohner Boden (olivgrauer feinblattiger Loss mit CaC0 3 - 
Pseudomycel) (darunter wurde Wei3 entnommen), 6 = fCc-Horizont mit Lofikindeln (darunter wurde Wei4 entnommen), 5 = umgelagerte Humuszone 
(Wei5), 4 = Weilbacher Humuszone (Wei6), 3 = umgelagerter kalkhaltiger Lofilehm, 2 = fBt-Horizont, 1 = dltester Loss (Wei7) 



fined to a fine silt (4-11 \im) fraction. Finally, samples were 
prepared for measurement by settling the polymine-ral grains 
(4-11 urn) from acetone onto aluminium discs. All OSL/IRSL 
measurements were performed using an automated Riso TL/ 
OSL-DA20 equipped with a 90 Sr/ 90 Y beta source. Feldspar IRSL 
signals were detected through Schott BG-39 and Corning 7-59 
filters (passing 320 to 460 nm; i.e. blue). 
Radionuclide concentrations for all samples were obtained 
using high resolution gamma spectrometry of sediment col- 
lected from the immediate surrounding of the samples. A 
water content of 20 ± 5% was estimated for all samples. It 
has to be mentioned that the estimation of water content 
since the loess was deposited is associated with a high de- 
gree of uncertainty. Mean a-values of 0.08 ± 0.02 for polym- 
ineral IRSL were used to derive the effective alpha dose rate 
(Rees-Jones, 1995). The concentrations of uranium, thorium 
and potassium were converted into infinite-matrix dose 
rates using the conversion factors of Adamiec & Aitken 
(1998) and water-content attenuation factors (Aitken, 
1985). Estimation of the cosmic-ray dose rate was calculated 



according to Prescott & Stephan (1982) and Prescott & 
Hutton (1994) from knowledge of burial depth, altitude, 
matrix density, latitude and longitude for each sample. The 
uranium, thorium, potassium content and total dose rates 
are shown in Table 1. 

Luminescence dating 

Luminescence dating enables to determine the depositional 
age of various sediments such as loess over a range from a 
few decades to several hundred thousand years by dating 
the time that has passed since the last exposure of the mine- 
ralsO to daylight (Aitken, 1998). Quartz or feldspar grains 
(the most common minerals in sediments) are used as natural 
dosimeters. They are able to store energy within their crystal 
structure, which is coming mainly from an omnipresent ionis- 
ing radiation (alpha, beta and gamma) as well as from cosmic 
radiation. The charge can be stored in imperfections in the 
crystal lattice for long periods. In the laboratory the grains 
are first heated, and then stimulated with IR or blue LEDs 
which release the electrons from their traps in the form of 
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Fig. 3: Terrace sequence of the river Main in the southern foreland of the Taunus mountains. The Loess/palaeosol sequence is located close to the symbol "t4" 
Abb. 3: Schnitt durch die Main-Terrassenfolge im sudlichen Taunusvorland. Das beprobte Profil liegt nahe dem Symbol „t4". 



visible light (luminescence). Such a measurement allows esti- 
mating the dose of radiation (palaeodose or equivalent dose, 
De) which the crystal has absorbed since the last exposure 
to daylight. The luminescence signals from feldspars grow 
to much higher doses than those from quartz, which offers 
the possibility of significantly extending back the age range. 
However, luminescence dating of feldspars has a tendency to 
underestimate the geological age, because of anomalous fad- 
ing (Wintle, 1973) which is caused by quantum-mechanical 
tunnelling (Visocekas, 1985). Feldspar dating is normally car- 
ried out using a 50°C IR stimulation with detection in the blue 
(-violet) spectrum. IRSL ages underestimate often consistent- 
ly the quartz OSL ages most likely due to anomalous fading. 
Several methods of age corrections have been proposed (e.g. 
Huntley & Lamothe, 2001; Lamothe et al., 2003) and many 
studies show corrected IRSL ages which are in good agree- 
ment with quartz OSL ages. But these corrections rely on dif- 
ferent assumptions, including e.g. the fact that the logarith- 
mic time dependence is relevant to geological time (Huntley 
& Lamothe, 2001) and there is no general consensus which 
correction method should be used. Furthermore, the correc- 
tion method is strictly applicable only for natural doses in 
the linear region of the growth curve (Huntley & Lamothe, 
2001), although Buylaert et al. (2009; in press) have shown 
that the correction can give accurate ages outside this range. 
However, if the fading rate can be reduced, feldspar dating 
will be more reliable. 

Post-IR IRSL measurement sequence 

Thomsen et al. (2008) found out, that stimulation at elevated 



temperatures significantly reduces the fading rate. Based on 
this work Buylaert et al. (2009) proposed a new single aliquot 
regenerative dose (SAR) protocol, with detection in the blue 
(320-460 nm). This protocol which includes elevated tem- 
perature stimulation with IR for 100 s at 225°C, following 
stimulation with IR for 100 s at 50°C, is called post-IR IRSL 
measurement sequence and is presented in Table 2. Buylaert 
et al. (2009) have shown that the observed fading rates for 
the post-IR IRSL signal are significantly lower than from 
the conventional IR 50 and that the signal is bleachable in na- 
ture. Buylaert et al. (submitted) measured a mean residual 
dose value of 10 ± 2 Gy on polymineral fine-grains extracted 
from modern Chinese loess. This post-IR IRSL measurement 
protocol is applied to the polymineral fine-grains from the 
Weilbach section. The initial 2.0 s of the post-IR IR signal is 
used for calculating the De values, with a background sub- 
traction based on the signal observed in the last 10 s of the 
decay curve. All dose response curves were fitted using an 
exponential saturating function. Tests were carried out on 
the same aliquots as for De measurement to check for anom- 
alous fading and to compare the fading rates of the IR 50 and 
the pIRIR 225 . The aliquots were dosed, preheated and then 
stored for various delays after irradiation and before meas- 
urement. This sequence was repeated several times on each 
aliquot. The fading rates are expressed in terms of the per- 
centage of the decrease of intensity per decade of time (g- 
value; Aitken, 1985; Auclair, Lamothe & Huot, 2003). The 
g-values were calculated according to Huntley & Lamothe 
(2001) using the same integration limits as for the De calcu- 
lation. The g-values were used to correct the ages. 



Tab. 1: Dose rate data from potassium, uranium and thorium content, as measured by gamma spectrometry. 

Tab. 1: Dosimetrische Ergebnisse basierend aufKalium, Uran und Thorium Gehalt (gemessen mit Gammaspektrometrie). 











Cosmic dose rate 


IRSL dose rate 


Sample 


Uranium (ppm) 


Thorium (ppm) 


Potassium (%) 


(Gy/ka) 


(Gy/ka) 


Wei 1 


3.03 ± 0.03 


10.09 ±0.06 


1.23 ±0.01 


0.19 ±0.02 


3.00 ±0.16 


Wei 2 


3.40 ± 0.03 


11.24 ±0.06 


1.38 ±0.01 


0.18 ±0.02 


3.32 ±0.18 


Wei 3 


3.24 ± 0.02 


11.41 ±0.06 


1.30 ±0.01 


0.14 ±0.01 


3.18 ±0.17 


Wei 4 


2.76 ± 0.02 


9.38 ± 0.05 


1.18 ± 0.01 


0.13 ±0.01 


2.72 ±0.15 


Wei 5 


2.80 ± 0.03 


11.12 ±0.06 


1.31 ±0.01 


0.12 ±0.01 


3.01 ±0.16 


Wei 6 


3.33 ± 0.03 


13.55 ±0.06 


1.43 ±0.01 


0.09 ±0.01 


3.45 ±0.18 


Wei 7 


2.92 ± 0.03 


10.73 ±0.06 


1.30 ±0.01 


0.06 ±0.01 


2.94 ±0.16 
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Fig. 4: Dose response and decay curves for samples a) 
Wei 6 and b) Wei 7 showing the IR 50 (filled symbols) 
and the pIRIR 225 signal (open symbols). 

Abb. 4: Aufbaukurve und Zerfallskurve fur Proben a) 
Wei 6 (gefullte Symbole) und b) Wei7 (offene Symbole) 
fur das IR 50 und das pIRIR 225 Signal. 



Dose (Gy) 



Luminescence characteristics and performance tests 

Figure 4 shows the dose response curves and the decay 
curves for the IR 50 and the pIRIR 225 for the stratigraphically 
oldest samples Wei6 (Fig. 4a) andWei7 (Fig. 4b). These curves 
are selected to be representative for all samples. The natural 
IR 50 has about 10-15% lower signal intensity than the natural 
pIRIR 225 . The growth curves for the pIRIR 225 lies above the 
curve for the IR 50 for all samples. However, the shapes of the 
growth curves are indistinguishable. Buylaert et al. (2009) 
observed that the shape of the growth curves for the IR 50 
and the pIRIR 225 are indistinguishable for their samples. The 
pIRIR 225 of all the measured samples is much brighter (-10- 



15%) than for the IR 50 (inlay of Fig. 4a and b) confirming 
the results of Buylaert et al. (2009). Recycling ratios for the 
samples range from 0.98 ± 0.03 to 1.01 ± 0.003 for the IR 50 and 
from 0.91 ± 0.04 to 0.99 ± 0.003 for the pIRIR 225 . Recuperation 
is below 5% of the natural signal. To test the applicability of 
the post-IR IRSL protocol using a stimulation temperature of 
225°C, the dose recovery ratio was measured for all samples 
(Murray & Wintle, 2003). The aliquots were bleached for 4 
hours in a Honle SOL2 solar simulator before giving a dose 
approximately equal to the natural dose, except for sample 
Wei7, where a smaller dose was chosen. This dose was then 
measured in the same manner as the equivalent dose in or- 
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Fig.5: Dose recovery test (a) and the residual doses (b)for the IR 50 and the 
pIRIR 225 signal for all samples. Three aliquots were measured per sample. 
Error bars represent 1-sigma standard error. 

Abb. 5: Dose recovery test (a) und residuale Dosen (b)fur das IR 50 und das 
pIRIR 225 Signal fur alle Proben. Drei Aliquots wurden pro Probe gemessen. 
Die Fehlerbalken stellen den 1-sigma Standardfehler dar. 



der to confirm that the protocol is able to recover a known 
dose successfully. If the SAR protocol is suitable, the meas- 
ured to given dose ratio should be close to 1. Fig. 5a shows 
the results of the dose recovery test for all samples for the 
IR 50 and the pIRIR 225 . The obtained ratios of the measured to 
given dose range from 0.88 ± 0.02 to 0.94 ± 0.01, with a mean 
of 0.93 ± 0.01 Gy (n = 21) for IR50 and from 1.01 ± 0.03 to 
1.07 ± 0.01, with a mean of 1.03 ± 0.01 Gy (n = 21) for pIR- 
IR 225 . This data indicates the applicability of the post-IR IRSL 
protocol. To confirm that the IRSL and the post-IR IRSL are 
bleachable by natural daylight we exposed three aliquots per 
sample for four hours to a Honle SOL2 solar simulator and 
then measured the apparent dose in the usual manner. The 
results are shown in Fig. 5b and Table 3. The residual doses 



range from 3.2 ± 0. 5 Gy to 5.6 ± 0.2 Gy, with a mean of 4.4 ± 
0.9 Gy (n = 7) for IR 50 and from 10. 9 ± 1.3 Gy to 14.9 ± 2.1 Gy, 
with a mean of 12.7 ± 0.5 Gy (n = 7) for pIRIR 225 . 

Equivalent Dose (D e ), fading rates and age estimates 

In Table 3 the equivalent doses, dose recovery results, re- 
sidual doses, g-values and the resulting luminescence ages, 
both uncorrected as well as fading corrected, are summa- 
rized for all samples. The D e -s obtained using the IR 50 from 
feldspar range from 52.9 ± 1.3 Gy to 423 ± 4 Gy. The ob- 
tained equivalent doses gave uncorrected age estimates be- 
tween 17.6 ± 1.1 ka and 139 ± 8 ka. D e values obtained for the 
IR 50 increase clearly with depth from sample Weil to sample 
Wei5. The values obtained for sample Wei6 and Wei7 do not 
increase considerably with depth indicating that this signal 
is in field saturation at -400 Gy. The D e -s calculated using 
the pIRIR 225 from feldspar range from 64.9 ± 2.3 Gy to 921 ± 
41 Gy. The D e values are in average -20% higher than those 
obtained using the IR 50 . The pIRIR 225 does not show evidence 
of field saturation (equilibrium between the accumulation 
of new charge and the loss by anomalous fading), and in- 
creases with depth. The characteristic saturation doses (D ) 
are about -450 Gy for the IR 50 and the pIRIR 225 . According 
to Wintle & Murray (2006) it is only possible to obtain re- 
liable equivalent doses (D e ) up to a dose value of 2D and 
therefore it is important to test if the equivalent dose values 
exceed 2D . Following this suggestion it is possible to meas- 
ure D e values up to about -900 Gy for our material. Fading 
tests were carried out for all samples using the post-IR IRSL 
measurement sequence. The g-values are shown in Fig. 6 for 
the IR 50 and the pIRIR 225 . The g-values range from 2.9 ± 0.3%/ 
decade to 3.2 ± 0.2%/decade, with an average of 3.01 ± 0.04%/ 
decade (n = 7) for the IR 50 and from 1.6 ± 0.3%/decade to 2.0 
± 0.4%/decade, with an average of 1.8 ± 0.1%/decade (n = 7) 
for the pIRIR 225 indicating that the pIRIR 225 fades -40% less 
than the IR 50 . The fading corrected ages are listed in Table 3. 
Fading corrections use the methods proposed in Huntley & 
Lamothe (2001). The fading corrected age estimates for the 
IR 50 range from 23.7 ± 1.6 ka to >190 ka and from 25.2 ± 1.6 
ka to >350 ka for the pIRIR 225 . The IR 50 and the pIRIR 225 are 
in agreement for samples Weil-Wei6. For sample Wei7 the 
IR 50 underestimates the pIRIR 225 . We assume that the fading 
corrected pIRIR 225 values yield more reliable age estimates. 
The IR 50 is most likely in field saturation for sample Wei7. 
The pIRIR 225 age estimate for sample Wei7 (>350 ka) can be 
regarded as minimum age only, as the D e value of 921 ± 4lGy 
is in the range of 2D . 

Discussion 

Our study presents the first luminescence age estimates for 
the loess/palaeosol sequence of the gravel quarry Gaul lo- 
cated east of Weilbach based on an elevated temperature in- 
frared stimulated luminescence (IRSL) signal which has been 
shown to fade at a very much lower rate than the convention- 
al IRSL signal (Thomsen et al., 2008, Buylaert et al., 2009). 
The fading corrected IR 50 and the pIRIR 225 show good agree- 
ment for samples Weil-Wei6. For sample Wei7 the IR 50 un- 
derestimates the pIRIR 225 . Our interpretation is hence based 
on the fading corrected pIRIR 225 age estimates (Fig. 7). Sample 
Wei7, which was taken from the calcareous loess covering 
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Fig. 6: Fading rates for the post the IR 50 and pIRIR 225 signals for all samples. 
Three aliquots were measured per sample. Error bars represent 1-sigma 
standard error. 

Abb. 6: Fadingraten fur das IR 50 und das pIRIR 225 Signal fur alle Proben. 
Drei Aliquots wurden pro Probe gemessen. Die Fehlerbalken stellen den 
1-sigma Standardfehler dar. 



the gravel of terrace t4 (1 in Fig. 2) yielded an age estimate 
of >350 ka indicating loess deposition during marine Isotope 
Stage (MIS) 10 or earlier and suggesting that terrace t4 has a 
minimum deposition age of -350 ka. The calcareous loess is 
covered by a fCc horizon which forms the bottom of a red- 
dish brown fBt horizon (2 in Fig. 2). This truncated palaeosol 
is covered by about 30 cm thick loess loam and a brown dark 
humic-rich horizon (4 in Fig. 2). 

Sample Wei6 was taken from this layer and yields an age 
estimate of 198 ± 12 ka indicating a formation of the "Weil- 
bacher Humuszone" during the late phase of MIS 7. Thus the 
oldest reddish brown fBt horizon (2 in Fig. 2) is older than 
-200 ka and was most likely developed during the antepenul- 
timate or penultimate interglacial. The humic-rich horizon is 
covered by a solifluction layer of reworked humic-rich mate- 
rial including loess loam and calcareous loess (Sample Wei5 
was taken from this horizon, 5 in Fig. 2). This layer yielded 
an age estimate of 202 ± 14 ka and is covered by about 50 
cm thick reworked loess (Wei4) with macroscopically visible 
pseudomicelium, which gives an age estimate of 203 ± 22 ka. 
These layers can probably be correlated with a cold phase 
during MIS 7. It has to be mentioned that samples Wei5 and 
Wei4 were taken from reworked material. They could even- 
tually be contaminated with older material, which would 
lead to an age overestimation. Therefore the ages have to be 
regarded more carefully. The reworked loess is covered by a 
fCc horizon with up to 20 cm large carbonate concretions (6 
in Fig. 2). Reddish brown remains of loam are found around 
these carbonate concretions (Fig. 2a). Above the fCc horizon 
loess accumulated; sample Wei3 was taken from this horizon 
and yielded an age estimate of 146 ± 9 ka indicating accumu- 
lation during the penultimate glaciation (MIS 6). This result 
shows that the remains of the palaeosol very likely do not 
correlate to the last interglacial period but very likely cor- 
relate to a warm phase of MIS 7. The last interglacial soil 
(MIS 5) and the deposits of the lower Wiirmian are missing 
in this profile. Bibus, Rahle & Wedel (1996, 2002) provid- 
ed a detailed description of the latter ones from the Mainz- 



Weisenau section and Frechen & Preusser (1996) provide 
TL and IRSL age estimates ranging from 68-113 ka for these 
deposits. The results of Bibus, Rahle & Wedel (1996, 2002) 
show that there is evidence for three warmer phases after the 
last interglacial, revealing the significant hiatus for our pro- 
file. Above the loess layer the Middle Wiirmian Lohne Soil 
(7 in Fig. 2) is developed followed by an Upper Wiirmian se- 
quence including tundra gley E2 (8 in Fig. 2), tundra gley E3 
and the Eltville Tephra (9 in Fig. 2). Sample Wei2 was taken 
below the tundra gley E2 giving an age estimate of 28.1 ± 2.3 
ka and Sample Weil below the tundra gley E3 yielding an 
age estimate of 25.2 ± 1.6 ka indicating accumulation during 
the last Pleniglacial (Upper Wiirmian) correlating to MIS 2. 
Frechen & Preusser (1996) obtained age estimates of -20 ka 
for the Eltville tephra and Zoller & Semmel (2001) provided 
mean TL age estimates of 21 ka for loess above the Eltville 
Tephra and 25 ka below. According to Frechen (1999) an 
eruption age between 17-23 ka for the Eltville tephra is most 
likely, which is in good agreement with our results. 

Our results are not in complete agreement with the loess 
stratigraphy proposed by Semmel (1968, 2005). However, 
they support the assumption that the oldest exposed fBt 
horizon (2 in Fig. 2) correlates to the antepenultimate or 
penultimate interglacial and that the humic-rich horizon 
most likely correlates to the "Weilbacher Humuszone", des- 
ignated to be an interstadial period during the early penul- 
timate glacial period (Semmel, 1968). But contrary to the 
suggestion that the fCc horizon (6 in Fig. 2) most likely cor- 
relates to the last interglacial, an age estimate of 146 ± 9 ka 
was obtained for the loess sediments accumulated above 
the fCc horizon and the carbonate concretions. This age 
estimate indicates that the soil formation correlates most 
likely to a warm phase of MIS 7. Sample Weil and Wei 2 are 
in good agreement with the stratigraphical loess scheme 
(Semmel, 1968; 2005) and support the assumption that this 
loess deposits correlates to the Upper Wiirmian, which is 
also indicated by the exposed typical marker horizons. 

Conclusion 

In our study we applied an elevated temperature IRSL (post- 
IR IRSL) protocol for polymineral fine-grains of the loess/ 
palaeosol sequence at the gravel quarry Gaul/Weilbach (i) 
to set up a more reliable chronological framework for this 
loess/palaeosol sequence and (ii) to answer the question 
whether the oldest Bt horizon correlates to the Middle Pleis- 
tocene (antepenultimate or penultimate interglacial) or to 
the Upper Pleistocene (last interglacial). Performance tests 
such as dose recovery and residual checks were carried out 
to confirm the suitability of our SAR protocol. The IR 50 and 
the pIRIR 225 signals are in good agreement for samples Wei 1- 
Wei6. For sample Wei7 the IR 50 underestimates the pIRIR 225 . 
Fading corrected IR 50 and pIRIR 225 ages range from 23.7 ± 1.6 
to >350 ka. These age estimates indicate that the oldest loess 
was deposited during marine isotope stage (MIS) 10 or earlier 
suggesting that the terrasse t4 yield a minimum age of -350 
ka. According to our results the humic-rich horizon was de- 
veloped during the late phase of MIS 7 and can hence be cor- 
related to the "Weilbacher Humuszone". The oldest exposed 
fBt horizon most likely correlates to the antepenultimate or 
penultimate interglacial. Loess above the fCc horizon most 
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Fig. 7.: Lithology and luminescence ages of the loess/palaeosol sequence exposed at the gravel quarry Gaul/Weilbach. Fading corrected 
pIRIR 225 age estimates are presented. 

Abb. 7: Lithologie und Lumineszenzalter fur die Loss-Palaoboden Sequenz in der Kiesgrube Gaul/Weilbach b asier end auf den fading 
korrigierten pIRIR 225 Altern. 



Table 2: The elevated temperature post-IR IRSL measurement. 
Tabelle 2: Post-IR IRSL Messprotokoll. 



Step 


Treatment 


Observed 


1 


Dose 




2 


Preheat, 60s at 250°C 




3 


IR stimulation, 100s at 50°C 


Lx 


4 


IR stimulation, 100s at 225°C 


Lx 


5 


Test dose 




6 


Preheat, 60s at 250°C 




7 


IR stimulation, 100s at 50°C 


Tx 


8 


IR stimulation, 100s at 225°C 


Tx 


9 


IR stimulation, 40s at 290°C 




10 


Return to step 1 
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likely accumulated during MIS 6 indicating that the remains 
of the palaeosol do not correlate to the last interglacial soil. 
The two uppermost samples indicate that the youngest loess 
was accumulated during MIS 2 (Upper Wiirmian). This is in 
good agreement with the results of other dating studies re- 
garding the Eltville tephra. 
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In comparison to other areas in low mountain regions, the widespread occurrence and thickness of loess is impressive in the 
northern Vienna Forest. Due to differences in grain size, it is obvious that the loess deposits of the Hagenbach Valley deviate 
from those of other locations. In comparison to the results of Krems and Stillfried, the loess of the Hagenbach Valley has a pro- 
nounced maximum in the sand fraction reflecting an essential influence of the Flysch sandstone and a proximity to the source 
sarea. The loess of the Hagenbach Valley is specified as sediment with significant local impact due to a remarkable influence of 
short distance transport. Partly, the loess is of alluvial origin as it contains small pebbles and therefore it reflects cool and wet 
paleoenvironmental conditions. The malacological evidences coincide with the geomorphodynamic conditions. Redeposition 
processes cause a generally high degree of fragmentation. The malacological analyses proved 28 species of terrestrial gastrop- 
oda, with a total number of 3,283 specimens. The results indicate very humid and cool climate and a weakly expressed, slightly 
more favorable period is visible in one of the horizons. 

[Pleistozane Losssedimente und Molluskengesellschaften in der ostlichen Voralpenzone] 

Die Lossablagerungen im nordlichen Wienerwald sind im Vergleich mit anderen Mittelgebirgsregionen aufgrund ihrer Mach- 
tigkeit sehr eindrucksvoll. Charakterista in der KorngroBenverteilung zeigen deutlich, dass die Losse im Hagenbachtal sich von 
denen anderer Losssgebiete unterscheiden. Ein Vergleich mit Lossprofilen in Krems und Stillfried hat ergeben, dass der Loss im 
Hagenbachtal einen erhohten Sandanteil aufweist und damit den Einfluss der Flysch-Sandsteine widerspiegelt. Das spricht fur 
einen lokalen Sedimenteintrag und kurze aolische Transportstrecken. Zudem wurde der Loss unter kuhl-humiden Palaoklima- 
bedingungen zum Teil als Schwemmloss abgelagert. Die malakologischen Ergebnisse stimmen mit den geomorphodynamischen 
Bedingungen uberein. Die Umlagerungsprozesse haben zu einer intensiven Fragmentierung der Schalenreste gefuhrt. Die mala- 
kologischen Untersuchungen belegen insgesamt 28 unterschiedliche Arten von terrestrischen Gastropoden mit 3283 Individuen. 
Die palaookologische Auswertung spricht fur sehr humide, kuhle Klimabedingungen mit einer schwach ausgepragten, klima- 
tisch etwas giinstigeren Phase. 

Molluscs, dating, loess, low mountain area, Vienna Forest, Upper Pleistocene 
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1 Introduction 



In Lower Austria, eolian sediments are widespread (Fig. l) 
and form thick and well developed loess sequences. These 
deposits of Lower Austria have been studied for several 
decades. Detailed descriptions and sedimentological data 
exist for many loess/paleosol sequences situated in the ba- 
sins of Vienna and the Alpine foreland (Fink 1976; Kohl 
1976; Haesaerts et al. 1996, Terhorst 2007, Peticzka et 
al. 2010). Geochronological framework for these deposits 
are most commonly based on radiocarbon (e.g. Haesearts 
et al. 1996) and luminescence dating (Wallner et al. 1990; 
Noll et al. 1994, Zoller et al. 1994; Thiel et al. 2011a, 
2011b, c). Both dating methods are suitable, at least for the 
time range of up to 40 ka for radiocarbon (Hajdas 2008) 
and to 300 ka for luminescence (Thiel et al. 2011a), for the 
sediments under question and have been proven to be reli- 
able approaches. 

While detailed descriptions, sedimentological and chron- 
ological data exist for many loess/paleosol sequences in the 



Vienna basin and the Alpine foreland (e.g. Fink 1956, 1976, 
1978; Kukla 1975, Doppes & Rabeder 1997, Terhorst 2007), 
loess sediments in the low mountain areas have not been 
studied up to present. The map of loess distribution for 
Lower Austria clearly shows that loess covers the northern 
margins of the Vienna Forest (Fig.l). There, loess deposits 
are frequent and occur in altitudes above 300 m a.s.l. and 
reach remarkable thicknesses of 4 m in steep slope positions 
(Damm & Terhorst 2010). Inside the Hagenbach Valley, 
loess sequences are exposed by landslide processes. 

Conforming to several studies, the Vienna Forest offers 
excellent and suitable conditions for the development of 
rich malacocoenoses (Klemm 1974; Reischutz 1986, 1988; 
Frank 1988/89, 1992; Trostl, 1996, 1997a, b, 1998a, b, 1999, 
2000). The variable landscape and favorable climate, the di- 
versity of plant assemblages and the Pleistocene periglacial 
paleoenvironment offer multifarious possibilities for mol- 
luscan life in different ecological niches (mixed deciduous 
woods, underwood, herbaceous vegetation, mild humus, 
litter and dead wood, rocky ground). 
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Fig. 1. Loess distribution map of 
Lower Austria with study sites 
(black points) (Terhorst et al. 
2009). 

Abb. 1. Lossverbreitungskarte 
von Niederosterreich mit Unter- 
suchungsgebieten (Terhorst et 
al. 2009). 



In general, the malacological analyses of a complete pedo- 
sedimentary sequence of the Hagenbach Valley are prom- 
ising for insights into the faunal and paleoenvironmental 
development during the last Middle to Late Glacial period. 

Two characteristic sequences and first dating results 
combining both radiocarbon and luminescence dating are 
presented with a focus on mollusc analyses in this study. 
The results are compared to characteristic loess sequences 
of Lower Austria. 

Study area 

The Hagenbach Valley (Hagenbachklamm) is situated ap- 
proximately 16 km to the NW of the city of Vienna (Fig. 2). 
Climate data for the period between 1971 and 2000 show 
mean annual temperature of 9.2°C and mean annual pre- 
cipitation of 741.5 mm (Zamg 2002). The valley is part of 
the northern margin of the Vienna Forest that represents 
a rolling landscape of the Central European low mountain 
regions. The flat-topped mountains of the Vienna Forest 
with altitudes between 300 and 500 m a.s.l. are deeply in- 
cised by valleys. 

The study area belongs to the Rhenodanubian Flysch 
Zone, which is W-E oriented and consists of various layers 
of (calcareous) sandstones, marly shales, calcareous marls 



and clay schists. The formations inside the Hagenbach Valley 
belong to the Altlengbach and the Greifenstein beds. They 
are dominated by calcareous quartzitic sandstones, which 
are subdivided by stratified marls and clays (Wessely 2006). 

The slopes of the Hagenbach Valley are characterized by 
various types of Quaternary sediments. The bedrock is cov- 
ered by loess and Pleistocene periglacial cover beds. 

First results concerning Quaternary slope deposits have 
been published by Damm & Terhorst (2010) and Terhorst 
et al. (2009). However, the chronology of loess deposits and 
periglacial layers is not known up to present in the Vienna 
Forest. 

2 Methods 

Field survey and sedimentological analyses 

The description and determination of soil horizons were 
conducted according to the German Field Book for Soil 
Survey (AD-HOC-Arbeitsgruppe Boden 2005). The field 
description was adapted to the World Reference Base for 
soil resources (IUSS Working Group WRB, 2006). During 
the field survey information on texture, bedding, content of 
carbonate, and colour of soils and sediments was gathered. 
The differentiation of periglacial cover beds was based on 
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Fig. 2. Study areas in the Vienna Forest and in the loess regions of Lower Austria. 1 = Hagenbach Valley, 2 = Krems, 3 = Stillfried. 

Abb. 2. Untersuchungsgebiete im Wienerwald und in den Lossregionen Nierderosterreichs. 1 = Hagenbachklamm, 2 = Krems, 3 = Stillfried. 



the German Field Book for Soil Survey (AD-HOC-Arbeits- 
gruppe Boden 2005). The main criteria were given by sedi- 
mentological features such as the occurrence of specific silt 
contents and rock fragments, which are essential indicators 
for the differentiation of periglacial cover beds (Semmel & 
Terhorst 2010). Samples were taken by horizons. Two se- 
quences (A and B) are presented in detail (Fig. 3). 

Laboratory analyses included grain size determination 
according to the combined sieve- and pipette-analysis ac- 
cording to Kohn (Schlichting et al. 1995). The calcium car- 
bonate contents (CaC0 3 ) were measured gasvolumetrically 
with the Scheibler instrument. 

Radiocarbon and luminescence dating 

For age determination both radiocarbon and luminescence 
dating have been applied. Whereas radiocarbon dating es- 
timates the time elapsed since the death of an organism 
(e.g. Hajdas 2008), luminescence dating techniques deter- 
mine the time passed since the last exposure of mineral 
grains to sunlight, and thus enable to constrain the time of 
deposition (Aitken 1998). 

The radiocarbon age (Hv2587l) was obtained from char- 
coal using gas proportional counters. The sample was taken 
in Sequence B at a depth of 3.9 m in loessic sediments. The 
calculation of the radiocarbon age is based on the radioac- 
tive half-life after Libby, i.e. 5568 years. The age was fitted to 
the international radiocarbon timescale by NBS oxalic acid 
standard; the data is 8 13 C corrected. All uncertainties of the 
chemical and technical treatment of the sample are included 
in the expressed age error (2-sigma standard deviation). 

Two luminescence samples were taken in the loess of Se- 
quence A (Fig. 3) by hammering metal tubes into the freshly 
cleaned profile; sample 1217 was taken at a depth of 2.4 m 
and sample 1218 at 3.1 m, respectively. Luminescence meas- 
urements were made with an automated Riso TL/OSL read- 



ers (DA- 15; B0TTER-Jensen et al. 2003) equipped with a cali- 
brated 90 Sr/ 90 Y beta source. The feldspar signal of the pol- 
ymineral samples was stimulated with infra-red (IR) light 
diodes emitting at 870 nm, and the luminescence was detect- 
ed in the blue-violet region through a Schott BG39/Corning 
7-59 filter combination. 

For equivalent dose (D e ) determination, a single-aliquot 
regenerative (SAR; Murray & Wintle 2000) protocol with 
a preheat of 250°C (60 s) and IR stimulation at 50°C for 100 s 
was applied. An IR illumination at 280°C (100 s) was insert- 
ed at the end of each SAR cycle (Murray & Wintle 2003). 
The laboratory fading rate was measured as the IRSL sig- 
nal decrease over time using artificially irradiated ali-quots 
(Lamothe et al. 2003); this is expressed in terms of the per- 
centage decrease of signal intensity per decade (the g-value; 
Aitken 1985, Appendix F). 

Material for dosimetry measurements (as part of the lumi- 
nescence dating) were taken from immediately around the lumi- 
nescence samples. After drying and homogenizing, 50 g of each 
sample were packed in N-type beakers, which were stored at 
least for one month to ensure equilibrium between radon and its 
daughter nuclides. The concentrations of U, Th and K were de- 
termined by high-resolution gamma-ray spectrometry. The dose 
rates were derived using the conversion factors of Adamiec & 
Aitken (1998). Calculation of the cosmic dose rate is based on 
Prescott & Hutton (1994). A water content of 20 ± 5% was es- 
timated, allowing for changes in water content throughout time, 
and a mean a-value of 0.08 ± 0.01 was used. 

Mollusc analyses 

Soaked samples (lOOOg) were treated by wet sieving to 2 mm- 
630 [im and 200 \im mesh, dried and selected. The 200 |im frac- 
tion contained thousands of minute fragments, so only the 
significant ones (apices, apertures) were picked out for calcu- 
lating the individual numbers (as proposed by Lozek 1964). 
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Tab. 1: Grain size and calcium carbonate content of sequences A and B, modified after Terhorst et al. (2009). 

Tab. 1: Ergebnisse der Korngrofien- und Kalziumkarbonatanalysen der Profile A und B, geandert nach Terhorst et al. (2009). 



Sample 


Horizon/layer 


Clay % 


Silt % 


Sand % 


CaC0 3 




urn 




fine 


middle 


coarse 


total 


fine 


middle 


coarse 


total 


% 


<2 


2-6 


6-20 


20-63 




63-200 


200-630 


630-2000 




Sequence A 


6-1 


LuvisoL E horizon 


19.0 


6.3 


15.6 


40.4 


62.3 


16.9 


1.5 


0.3 


18.7 





6-2 


LuvisoL EBt horizon 


25.4 


5.4 


12.5 


38.6 


56.5 


16.6 


1.3 


0.2 


18.1 





6-3 


LuvisoL Bt horizon 


29.5 


4.1 


10.6 


35.1 


49.7 


19.1 


1.4 


0.3 


20.8 





6-4 


CL loess, upper part 


6.8 


3.4 


9.0 


43.1 


55.5 


33.8 


3.2 


0.7 


37.7 


34.9 


6-5 


CL loess, lower part 


7.8 


3.4 


10.6 


48.0 


62.0 


22.4 


3.6 


4.2 


30.2 


36.2 


6-6 


C2, loess 


7.4 


4.0 


10.0 


45.5 


59.5 


30.0 


2.2 


0.9 


33.1 


36.2 


6-7 


C3, basal periqlacial 
cover bed 


31.8 


19.7 


20.8 


13.3 


53.8 


4.8 


4.1 


5.5 


14.4 


31.9 


7 


Flysch marls 


23.3 


6.4 


16.1 


35.6 


58.1 


16.1 


2.3 


0.2 


18.6 


not 
measured 


8 


Decomposed Flysch 
sandstone 


7.1 


4.7 


9.4 


17.6 


31.7 


35.0 


20.6 


5.6 


61.2 


6.0 


10 


Decomposed Flysch 
sandstone 


3.0 


1.8 


5.3 


10.3 


17.4 


36.0 


42.3 


1.4 


79.7 


2.8 


11 


Decomposed Flysch 
sandstone 


4.0 


2.6 


6.3 


11.1 


19.9 


31.6 


39.9 


4.6 


76.1 


41.7 


Sequence B 


17-1 


LuvisoL Bt horizon 


33.8 


5.9 


12.8 


33.9 


52.5 


11.8 


1.6 


0.3 


13.7 


3.7 


17-3 


CL 1.5m, loess 


6.7 


3.4 


15.1 


50.7 


69.2 


19.3 


2.4 


2.4 


24.1 


33.9 


17-4 


CL 2.0m, loess 


9.6 


4.3 


8.2 


55.4 


67.9 


20.2 


1.1 


1.1 


22.5 


23.0 


17-5 


CI, 2.3m, loess 


11.3 


5.0 


14.4 


54.2 


73.5 


13.0 


1.2 


1.0 


15.2 


22.3 


17-6 


CI 2.5m, loess 


10.2 


4.7 


13.7 


56.6 


75.0 


12.3 


1.3 


1.1 


14.8 


23.2 


17-7 


C2, 2.0m, loess 


13.2 


5.2 


15.0 


55.2 


75.4 


9.4 


1.1 


0.8 


11.3 


23.4 


17-8 


C2, 2.8m, loess 


14.8 


4.8 


15.7 


49.7 


70.2 


12.4 


1.6 


1.0 


14.9 


23.4 


17-9 


C2, 3.0m, loess 


13.9 


5.2 


15.8 


52.7 


73.7 


10.4 


1.4 


0.5 


12.3 


21.8 


17-10 


C2, 3.7m, loess 


18.1 


5.7 


16.7 


47.3 


69.7 


8.6 


2.3 


1.2 


12.2 


20.7 


17-11 


C2, 4.0m, loess 


15.6 


5.5 


15.4 


49.5 


70.5 


11.5 


1.7 


0.7 


13.9 


21.4 


17-12 


C3, basal periqlacial 
cover bed 


9.0 


2.6 


5.1 


10.6 


18.4 


25.6 


32.6 


14.1 


72.6 


9.7 



3 Results 



Field survey and sedimentological analyses 

Two sequences at a distance of 300 m were studied. The 
altitude of both profiles ranges between 260 m and 310 m 
a.s.L Sequence A is situated on the western slope of the 
Hagenbach Valley, sequence B on the eastern slope. Both 
loess deposits are situated on top of basal periglacial cover 
bed (Flysch debris) superimposed on Flysch. In general, a 
Luvisol is developed on top of the loess. 

Sequence A 

The sequence starts with a Luvisol consisting of a thin A 
horizon, an E horizon, partly followed by a transitional EBt 
horizon, Bt horizon and, as parent material, loess that forms 
the C horizon (Fig. 3). Soil horizons are free of calcium car- 
bonate and show a loose structure interspersed with pores of 
different sizes. 

Below the 1 m thick Luvisol, a loess deposit with a thick- 



ness of 1.4 m is recorded (Fig. 4). The loess shows a pale 
yellow colour, involves partly small rounded sandstone frag- 
ments as well as secondary carbonates. On average, the silt 
content in the loess deposits is higher than in related soil 
horizons. Inside the silt fraction, coarse silt constitutes with 
values from 43.1% to 48.0% makes up the most important 
fraction (Table 1: 6-4 to 6-6), whereas the fine and middle 
silt contents are comparatively small. The loess has low clay 
contents with a maximum value of 7.8%. The carbonate con- 
tent of the unweathered loess deposits ranges from 34.9% to 
36.2% (Table 1). The basal part of the loess (Fig. 3) is charac- 
terized by the occurrence of hydromorphic features such as 
thin brownish and grayish Fe-bands. 

Below the eolian deposits, a periglacial cover bed is present, 
which consists of clays, marls, and debris (Fig. 3). The clay 
content amounts to 31.8%, the silt content to 53.8% and the 
sand fraction is lower than in the previously described layers. 
The carbonate content is 31.9%. The consistence and distribu- 
tion inside the silt classes deviates from those of the loess. In 
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Fig. 3. Loess sequences A and B in the 
Hagenbach Valley. The profile illustrates 
the Flysch basement (C4), the basal 
periglacial cover beds with marls, and 
sandstone debris (C3), the loess deposits 
(Cl, C2), the Bt horizons of the Luvisos 
(A/B) as well as the E/EBt horizon (A). 
The recent soil in sequence B corre- 
sponds to an eroded Luvisol. 

Abb. 3. Lossprofil A und B in der Ha- 
genbachklamm. Das Profil zeigt den 
basalen Flysch (C4), die Basislage mit 
Mergeln und Sandsteinschutt (C3), 
Losssedimente (Cl, C2), den Bt-Horizont 
der Parabraunerde (A/B) sowie den El 
EBt-Horizont (A). Der rezente Boden in 
Profil B stellt eine erodierte Parabraun- 
erde dar. 



the case of the periglacial cover bed the contents of fine, mid- 
dle, and coarse silt are more or less homogeneously distrib- 
uted. The stratum is densely bedded, has an intensively undu- 
lated boundary and the debris is composed of Flysch bedrock. 
The latter meets the diagnostic pre-requisites for the classifica- 
tion as a Pleistocene basal periglacial cover bed. 
Samples were taken in the surface formations of the Fly- 
sch sandstones to compare loess deposits with the local 
bedrock (Table 1: 8, 10, 11). Weathered bedrock varies in 
carbonate content between 2.8% and 6.0%, whereas the car- 
bonate content of less weathered Flysch bedrock can reach 
values up to 41.7% and reflects the potential carbonate level 
of the bedrock (Table 1: 11). 

Samples that originate from decomposed sandstone are 
certainly dominated by the sand fraction, which varies be- 



tween 61.2% and 79.7% (Table 1: 8, 10, 11). It is two to three 
times higher than in the loess and marls. The maximum 
contents are in the middle and fine sand fraction, whereas 
the coarse fraction is of minor importance. Silt contents 
range between 17.4% and 31.7% with maxima in coarse silt. 

Sequence B 

The second example of a characteristic pedosedimentary se- 
quence (Fig. 3, B) is situated on the E slope of the Hagen- 
bach Valley, in about 300 m linear distance from sequence A. 
The upper part of the sequence is formed by a Bt horizon of 
an eroded Luvisol, disturbed by anthropogenic impact and 
redeposition of colluvial material. The eroded Luvisol has 
formed in loess, which has a remarkable thickness of 3.5 m. 
The upper part of the pale yellow loess shows low clay con- 
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F/g. 4. Loess sequence A in the Hagenbach Valley. Loess deposit on top ofFly- 
sch sediments. The uppermost part corresponds to a Haplic Luvisol (see Fig. 3). 

Abb. 4. Lossprofil A in der Hagenbachklamm. Losssedimente aufFlyschge- 
steinen. Der oberste Profilabschnitt zeigt eine Parabraunerde (vgl. Abb. 3). 

tents between 6.7% and 10.2% (Table 1: 17-3 to 17-6). The 
silt content dominates the grain size distribution and reaches 
values up to 75.0%. The sand content ranges from 14.8% to 
24.1%. The CaC0 3 contents are on average about 23%, and 
only the parts of the sequence, which have secondary car- 
bonates, contain more CaC0 3 (33.9%, Table 1: 17-3). In the 
basal parts of the loess hydromorphic features are present 
(Fig. 3). The horizon C2 is interspersed with small mottles 
and bands of rusty iron alternating with grayish mottles of 
reduced iron. The lowermost horizon, C3 (17-12) consists 
of sandstone debris and sand, which is exclusively made of 
Flysch sediments. This debris layer corresponds to the Pleis- 
tocene basal periglacial cover bed of sequence A. It consists 
of local bedrock fragments with stone fragments orientated 
related to the slope inclination. 

Comparison of loess sites in Lower Austria 

The characteristics of the loess deposits of the Hagenbach 
Valley differ significantly from other loess deposits in Low- 
er Austria (Table 2). The loess sediments of the Vienna For- 
est show a higher percentage in the sand fraction and lower 
clay content. However, the silt fraction is comparable with 
those of the loess sequence in Stillfried (Table 2: 20-1 and 
20-2). There is a significant analogy in the coarse silt frac- 
tion for all study sites. On the contrary, the loess of Krems 
contains, with values up to 83.5%, significantly more silt in 



total as well as in the coarse silt fraction (Table 2: 59.1% to 
62.3%). In general, the portion of middle silt is higher in the 
loess regions and reduced in the Vienna Forest study sites. 

Dating 

The charcoal sampled in Sequence B was dated to 
31,330-27,860 years cal. BC (Table 3; calibration after 
Reimer et al. 2009). 

For the luminescence samples the dose recovery tests for 
all aliquots were within 10% of unity, showing the applicabil- 
ity of the protocol to our samples. Recycling ratios, which 
show the ability of a measurement protocol to reproducibly 
measure the response to a laboratory dose given after repeat- 
ed heating of the sample, are close to unity (1.01 ± 0.01; n=30), 
and are hence very satisfactory. Furthermore, recuperation 
for all aliquots was measured to be <5%. The dose rates of 2.4 
±0.2 Gy/ka and 2.7 ± 0.2 Gy/ka, respectively, are in the range 
known from Lower Austrian loess deposits (e.g. Thiel et al. 
2011a, b, c; Zoller et al. 1994) (Table 3). 

The fading uncorrected age for sample 1217 is 20.7 ± 3.7 
ka, and sample 1218 was dated to 22.2 ± 1.2 ka. However, for 
both samples a fading rate of >2%/decade was measured, 
implying that these uncorrected ages are underestimating 
the depositional age. Fading correction had to be applied; 
this is based on Equation 4 of Huntley & Lamothe (2001). 
The fading corrected ages of 25.4 ± 4.8 ka (sample 1217) and 
26.9 ± 2.4 ka (sample 1218) are considered more reliable. 

Mollusc analyses / Coenological analysis 

Mollusc samples (Table 4 and Table 5) originate from the 
lower part of the loess sequence B (Fig. 3). They have been 
taken in a vertical order from the sample position Si (top) to 
S3 (base). In sample S2 there is a remarkable decrease in total 
number of individuals (Si: 1344, S2: 843). However, in sample 
S3 the number of species is declining (S2: 25, S3: 21), whereas 
the number of individuals increases noticeably (1106) (Fig. 5 
and Fig. 6). 

Singular shell fragments of highly demanding woodland 
species appear only in Si and S2: Ena montana and Ru- 
thenica filograna in both of them, cf. Cochlodina laminata 
only in Si, Aegopinella cf. nitens only in S2. Semilimax kotu- 
lae has been found all over the profile. This species occurs 
also in thanatocoenoses (=mollusc assemblages) pointing 
to moderate or cold climate. The first-mentioned species 
are allochthoneous in samples Si and S2. 
There is a range of features common to all three thanato- 
coenoses (from Si to S3): 

- Petrophile character due to the clausiliid species Neostyri- 
aca corynodes austroloessica (rates: Si: 5.7%, S2: 9.8%, S3: 
7.4%) and Clausilia dubia (Si: 2.4%, S2: 4.6%, S3: 4.3%). 

- The presence of Orcula dolium. 

- The percentage rates of all three species are 9.0% (Si), 15.4% 
(S2) and 13.1% (S3). 

- The indication of humidity due to the predominance of 
Trochulus hispidus and Trochulus suberectus (together: Si: 
61.7%, S2: 47.9%, S3: 55.0%). 

- Elements inhabiting areas of medium humidity, with her- 
baceous vegetation, hedges or clumps of trees are more dis- 
tinctly represented in S2 (12%) and S3 (12.2%) than in Si 
(3.9%). 

- The percentage rates of Pupilla species (mostly: sterrii, fur- 
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thermore triplicata and bigranatd) are very low; Si: < 0.9%, 
S2: 3.6% and S3: < 2.8%. 

Loess elements occur only scarcely with the highest per- 
centages in samples Si (9.4%). The percentages of S2 and S3 
are lower (5.5% and 6.7%, respectively). 

Cold-resistant species Vertigo modesta arctica 
(Wallenberg 1858) and Vertigo parcedentata (Braun 
1847) occur nowhere in the profile. 



Cochlicopa lubrica and Euconulus praticola, which are spe- 
cies indicating humid to damp microhabitats appear only 
in negligible percentages (Si: 0.7%, S2: 0.5%, S3: 0.8%). 
The percentages of Succinella oblonga, a species frequently 
associated with Trochulus hispidus, in the Upper Pleis- 
tocene layers are rather insignificant (Si: 2.1%, S2: 3.9%, S3: 
3.1%; in Si: single specimens off. elongata). 
■ Orcula dolium infima (Zimmermann 1932), a subspecies 



Tab. 2: Grain size and calcium carbonate content of sequences A and B in comparison to analyses of loess profiles ofKrems and Stillfried in Lower Austria 
(Terhorst et al. 2009). 

Tab. 2: Ergebnisse der Korngrofien- und Kalziumkarbonatanalysen der Profile A und B, im Vergleich mit den Analysen der Losspro file in Krems und 
Stillfried in Niederosterreich (Terhorst et al. 2009). 



Sample 


Profile 


Clay 


Silt 


Sand 








fine 


middle 


coarse 


total 


fine 


middle 


coarse 


total 


<2 


2-6 


6-20 


20-63 




63-200 


200-630 


630-2000 




6-4 


Vienna Forest, Hagenbach, 
loess [E slope] 


6.8 


3.4 


9.0 


4,1 


55.5 


33.8 


3.2 


0.8 


37.7 


6-5 


Vienna Forest Hagenbach, 
loess [E slope] 


7.8 


3.4 


10.6 


48.0 


62.0 


22.4 


3.6 


4.2 


30.2 


6-6 


Vienna Forest Hagenbach, 
loess [E slope] 


7.4 


4.0 


10.0 


45.5 


59.5 


30.0 


2.2 


0.9 


33.1 


17-3 


Vienna Forest Hagenbach, 
Loess [W slope] 


6.7 


3.4 


15.1 


50.7 


68.2 


19.3 


2.4 


2.4 


24.1 


17-4 


Vienna Forest Hagenbach, 
loess [W slope] 


9.6 


4.3 


8.2 


55.4 


67.9 


20.2 


1.1 


1.1 


22.5 


17-5 


Vienna Forest Hagenbach, 
Loess [W slope] 


11.3 


5.0 


14.4 


54.2 


73.5 


13.0 


1.2 


1.0 


15.2 


18-1 
[BIB/9] 


Loess region, Krems- 
Wachtberg 


14.0 


4.3 


15.0 


61.9 


81.2 


6.7 


0.6 


0.1 


7.4 


18-2 
[BIB/10] 


Loess region, Krems- 
Wachtberg 


13.5 


3.4 


17.3 


59.1 


79.8 


6.9 


0.4 


0.1 


7.4 


19-1 
[SW1] 


Loess region, Krems- 
Hundsteig 


15.3 


4.4 


14.8 


59.8 


79.0 


8.2 


1.1 


0.3 


9.6 


19-2 
[SW7] 


Loess region, Krems- 
Hundsteig 


12.4 


3.6 


17.6 


62.3 


83.5 


7.4 


0.6 


0.1 


8.1 


20-1 
[StillBlO] 


Loess region, Stillfried 


17.7 


5.0 


12.8 


47.9 


65.7 


10.5 


2.5 


0.1 


13.1 


20-2 
[StillBlO] 


Loess region, Stillfried 


18.6 


5.9 


15.8 


40.8 


62.5 


10.6 


2.1 


0.1 


12.8 



Tab. 3: Radiocarbon age and IRSL ages (fading uncorrected and fading corrected) and its corresponding information (dose rates, equivalent doses, fading rates). 

Tab. 3: Radiokarbon- und IRSL-Alter (nicht korrigiert und korrigiert fixr anomales Ausheilen und korrigiert) und die dazugehorigen Informationen (Do- 
sisleistung, Aquivalenzdosis und Fadingrate). 



Lab ID 


Hv25871 


LUM 1217 


LUM 1218 


Seguence 


B 


A 


A 


Depth [m] 


3.6 


2.35 


2.90 


Material 


charcoal 


sediment 


sediment 


Dating Method 


m c 


IRSL 


IRSL 


5 13 C [%o] 


-24,3 


- 


- 


Conventional age [a BP] 


26,950 ±1,665 


- 


- 


Calibrated age [a cal. BC] 


31,330-27,860 


- 


- 


Dose rate [Gy/ka] 


- 


2.7 ±0.2 


2.4 ±0.2 


D e [Gy] 


- 


56.3 ±3.6 


54.1 ±1.1 


g-value [%/decade] 


- 


2.6 ±0.3 


2.4 ±0.3 


uncorrected age [ka] 


- 


20.7 ±3.7 


22.2 ±1.2 


corrected age [ka] 


- 


25.4 ±4.8 


26.9 ±2.4 
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4 Discussion 



Fig. 5. Mollusc assemblage of sample Si (see Table 4 and 5). 
Abb. 5. Molluskengesellschaft in der Probe Si (vgl. Tab. 4 und 5). 




Fig. 6. Mollusc assemblage of sample S3 (see Table 4 and 5). 
Abb. 6. Molluskengesellschaft in der Probe S3 (vgl. Tab. 4 und 5). 



living in present day malacocoenoses in the neighbour- 
hood of the excavation area, does not occur in the studied 
samples. This large form seems to be restricted to some re- 
gions of the Vienna Forest, at colline to low-mountain alti- 
tudes with favourable climate. 

Contaminations and redeposition of material is expressed 
in the thanatocoenoses of horizons Si and S2, at a depth of 
2. 8- 3. 7m, where single minute, corroded shell fragments 
of highly demanding woodland species (Ena montana, 
Cochlodina laminata, Ruthenica filograna, Aegopinel- 
la nitens) appear. These species certainly occurred in the 
study area during the middle Holocene climatic optimum 
but also live there today. 



In comparison to central European low mountain regions, 
the widespread occurrence and thickness of loess is im- 
pressive in the northern Vienna Forest. It is clearly distin- 
guishable from other sediments such as periglacial cover 
beds and decomposed Flysch bedrock. Furthermore, loess 
deposits of the characteristic loess regions of Lower Aus- 
tria can be clearly distinguished. Due to differences in 
grain size, it is obvious that the loess deposit of the Hagen- 
bach Valley deviates from those of the other locations. The 
loess profiles of Krems and Stillfried show the character- 
istic grain size distribution of periglacial eolian sediments 
with an enhanced input of grains originating from a far 
distance transport (Pecsi & Richter 1996). In compari- 
son to the results of Krems and Stillfried, the loess of the 
Hagenbach Valley has a pronounced maximum in the sand 
fraction, thus reflecting an essential influence of the Flysch 
sandstone. However, short distance eolian transport is sig- 
nificantly higher in the area under study than in the main 
loess regions of Lower Austria. Therefore, the loess of the 
Hagenbach Valley might be specified as sediment with a 
considerable local impact. Partly, the loess has been rede- 
posited as it contains small pebbles and therefore it reflects 
cool and wet paleoenvironmental conditions. The results of 
the datings might be interpreted in this way as well. 

The malacological evidences coincide with geomorphody- 
namic processes like erosion and sedimentation as assumed 
by Damm & Terhorst (2007, 2010), Damm et al. (2008), and 
Terhorst et al. (2009). Furthermore, redeposition of loess 
is suggested by the generally high degree of fragmentation 
of molluscs shells, especially in sample Si. The periglacial 
origin of the sediments is reflected by the structure of the 
thanatocoenoses, which is distinctly contradictory to the 
rich and varied molluscan assemblage of today. 

Malacological evidence points to comparatively least 
favorable paleoenvironmental factors during the deposi- 
tion of the uppermost part of the basal loess (Fig. 3, Si). 
The conditions reflected in the lowermost sample S3 are 
equally infavorable, but of mitigated character, whereas 
the sedimentation period of S2 appears slightly moder- 
ated. 

Following this, the sedimentation period is marked by 
very humid and cool climate, which does not coincide 
with the occurrence of very manifold vegetation: 

- mainly open to semi-open, probably tundra-like areas 

- predominantly herbaceous vegetation and undemanding 
trees or brushwood 

- not very extensive damp habitats 

- rocks overgrown with mosses and lichens, shady or ex- 
posed 

Although the three thanatocoenoses reflect rather cold cli- 
mate, extreme conditions are nowhere recognizable, indi- 
cated by the low percentage rates of the typical loess spe- 
cies Pupilla, Vallonia tenuilabris and Columella columella, 
the absence of cold-tolerant Vertigo's, the obviously not very 
differentiated structure of the thanatocoenoses, the mass de- 
velopment of the Trochulus species, and the presence of the 
Neostyriaca corynodes subspecies austroloessica. According 
to Klemm (1969), the latter is associated with environmental 
conditions similar to those in the Eastern Alps from about 
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Tab. 4: Species list with absolute numbers. 
Tab. 4: Liste der Spezies mit absoluten Zahlen. 



Family 


Genus 


Species 


SI 


S2 


S3 


Total 


Succineidae 


Succinella J.Mabille 1871 


S. oblonga [Draparnaud 1801] 


28 1 


33 


34 


95 


Cochlicopidae 


Cochlicopa A.Ferussac 1821 


C.lubrica [O.F.Muller 1774] 


4 


3 


3 


10 


Orculidae 


Orcula Held 1838 


0. dolium [Draparnaud 1801] 


12 


8 


15 


35 


Valloniidae 


Vallonia Risso 1826 


V. costata [O.F.Muller 1774] 


7 


4 


12 


23 






V. tenuilabris[A.BRAUNl843] 


1 


3 


3 


7 


Pupillidae 


Pupilla Fleming 1828 


P. alpicola densegyrata Lozek 1954] 


21 


8 


17 


46 






P. muscorum [Linnaeus 1758] 


15 


7 


8 


30 






P. bigranata [Rossmaessler 1839] 


1 


- 


3 


4 






P. triplicata [S. Studer 1820] 


3 


3 


5 


11 






P. sterrii [Voith 1840] 


8 


27 


23 


58 






P. loessica [Lozek 1954] 


6 


2 


1 


9 






Apices 


81 2 


26 3 


45^ 


152 


Vertiginidae 


Columella Westerlund 1878 


C. columella [G.v.Martens 1830] 


3 


1 


- 


4 




Vertigo O.F. Muller 1773 


V. substriata [Jeffreys 1833] 


1 


- 


- 


1 


Enidae 


Ena Turton 1831 


E. montana [Draparnaud 1801] 


2 5 


I 6 


- 


3 


Clausiliidae 


Cochlodina A. Ferussac 1821 


C. laminata [Montagu 1803] 


l 7 


- 


- 


1 




Ruthenica Lindholm 1924 


R. filograna [Rossmaessler 1836] 


l 8 


I 9 


- 


2 




Clausilia Draparnaud 1805 














Clausilia [Andraea] L. Pfeiffer 1848 


C. [A.] dubia [Draparnaud 1805] 


32 


39 


48 


119 




Neostyriaca A.J.Wagner 1920 


N. corynodes [Held 1836]: austroloessica 
[Klemm 1969] 


77 


83 


82 


242 


Punctidae 


Punctum Morse 1864 


P. pygmaeum [Draparnaud 1801] 


39 


34 


19 


92 


Pristilomatidae 


Vitrea Fitzinger 1833 


V. crystallina [O.F.Muller 1774] 


32 


86 


111 


229 
















Euconulidae 


Euconulus Reinhardt 1883 


E.fulvus [O.F.Muller 1774] 


5 


3 


1 


9 






E. praticola [Reinhardt 1883] 


5 


1 


6 


12 


Oxychilidae 


Aegopinella Lindholm 1927 


A. nitens [Michaud 1831] 


- 


310 


- 


3 


Vitrinidae 


Semilimax Agassiz 1845 














Semilimax [Hessemilimax] Schileyko 1986 


S. [H.] kotulae [Westerlund 1883] 


1 


1 


4 


6 


Hygromiidae 


Euomphalia Westerlund 1889 


E. strigella [Draparnaud 1801] 


1 


- 


- 


1 




Trochulus Chemnitz 1786 


T. hispidus [Linnaeus 1758] 


452 


204 


294 


950 






T. suberectus [Clessin 1878] 


377 


200 


314 


891 






T. sp.: Embryonic whorls 


112 11 


50 12 


48 13 


210 


Helicidae 


Arianta Turton 1831 


A. arbustorum [Linnaeus 1758] 


16 


12 


10 


38 






Total number 


1,344 


843 


1,106 


3,293 



1 single specimens: +/- var. elongata (Sandberger 1875), 2 most of them: muscorum, alpicola densegyrata, 3 most of them: alpicola densegyrata, loessica 
4 muscorum, alpicola densegyrata, loessica, 5 fragments of body whorl, 6 atypical fragment, 7 cf fragment of aperture, 8 cf fragment of body whorl, 
9 atypical fragment, 10 cf. two of them: fragments of body whorl, 11 hispidus + suberectus, 12 like in Si, 13 like in Si and S2 

Tab. 5: Minute, atypical fragments, estimated number (S3: ca. 3,700 fragments, Si: ca. 5,700 fragments). 

Tab. 5: Winzige, unspezifische Windungsfragmente, geschatzte Anzahl (S3: ca. 3.700 Fragmente, Si: ca. 5.700 Fragmente). 





SI 


S2 


S3 


Total 


Number 


-5.750 


-2.150 


-3.700 


-11.600 


Contents 


Mostly Trochulus hispidus, 


Mostly both Trochulus sp., 


Mostly both Trochulus sp., 






Trochulus suberectus, Orcula 


Neostyriaca corynodes, 


Clausilia dubia, Neostyriaca 






dolium, Clausilia dubia, 


Clausilia dubia. 


corynodes, Pupilla sp., Vitrea 






Neostyriaca corynodes. 




crystallina, also Arianta 
arbustorum, Euconulus 
sp., Cochlicopa lubrica, 
Succinella oblonga. 
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1,400 m upwards to about 2,300 m asl. Klemm (1969) has list- 
ed the occurrence in different loess deposits in the Danube 
Valley of Upper and Lower Austria (c.f. Frank 2006). 

Furthermore, the absence of large Orcula dolium speci- 
mens is worth mentioning in this context, since the study 
area is situated within the "infima zone" sensu Zimmermann 
(1932) and Klemm (1974). Local populations of such "fat- 
tened" forms would rather point to optimum living condi- 
tions. Therefore, one may conclude that this large subspe- 
cies that occur nowadays in the southern and eastern Vienna 
Forest have developed subsequently during the Postglacial 
warming. 

In general, there is good agreement between malaco- 
logical results and the obtained dating results. The slightly 
older age estimate for the charcoal compared to the lumi- 
nescence age could be either due to problems in fading cor- 
rection as observed by others (e.g. Wallinga et al. 2007), 
i.e. even after fading correction the luminescence ages are 
underestimates, or due to reworking and correspondingly 
later incorporation of the charcoal into the hydromorphic 
unit C2. However, within two standard deviations, there is 
good agreement of the obtained ages. 

Both, 14 C- and IRSL-dating indicate deposition of loess 
and loess-like sediments prior to the Last Glacial Maximum. 
This is consistent with formerly presented luminescence ag- 
es of -25-30 ka (Thiel et al, 2011a, b, c) for loess deposits in 
the Kremser Feld. From these studies it seems evident that 
the phase of loess deposition during the Last Glacial Maxi- 
mum is not well documented in Lower Austria, whereas the 
period between -25-30 ka can be found in several outcrops, 
for instance in Stillfried (cf. Frank 1997), in the archaeo- 
logical sites Willendorf (Haesaerts et al. 1996), and Krems- 
Wachtberg (Neugebauer-Maresch 2008). Hence, the obser- 
vations made for the Hagenbach Valley fit to results obtained 
from other loess sequences of Lower Austria. However, there 
is still a lack of high resolution dating in relevant profiles, 
also for the Hagenbach Valley. Moreover, investigations have 
focussed on the relevant archaeological horizons of a se- 
quence (Haesaerts et al. 1996), and younger loess might not 
have been observed due to sampling and dating strategies. 
It is evident that loess/paleosol sequences of the LGM are 
ubiquitous in Upper Austria (Terhorst et al. 2002; Starn- 
berger et al. 2009). 
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The age of most Lower Austria loess deposits is unknown; this is especially true for Middle Pleistocene loess because there is no 
generally applicable dating method available. Recently it has been shown that infrared stimulated luminescence (IRSL) signals 
measured at elevated temperatures after an infrared (IR) stimulation are more stable than the standard IRSL signal measured 
at 50°C. These signals offer new opportunities to extend the datable age range by minimising or circumventing the undesirable 
anomalous fading correction. In this study we apply, for the first time, two post-IR IRSL single-aliquot regenerative (SAR) 
dating protocols to polymineral fine-grain samples from three loess/palaeosol sequences in Lower Austria. The luminescence 
characteristics and ages derived from these protocols are compared with the IRSL results obtained at 50°C. Recycling ratios, 
recuperation and dose recovery tests show that these protocols are applicable to the loess under investigation. Fading rates for 
the post-IR IRSL signals are significantly smaller than for the IRSL at 50°C; the differences in fading rates between post-IR IRSL 
at 225°C and post-IR IRSL at 290°C are less obvious. Significant fading corrections are needed for the ages derived from the IRSL 
signal at 50°C. From our study we conclude that the fading corrected post-IR IRSL at 225°C and the fading uncorrected post-IR 
IRSL at 290°C provide the best age estimates; we prefer the latter because no fading correction is apparently needed. Our data 
strongly suggest that the pedocomplex 'Paudorfer Bodenbildung' developed during marine isotope stage (MIS) 5, whereas the 
pedocomplex 'Gottweiger Verlehmungszone' is significantly older (> 350 ka) than has been suggested in former studies. 

(Untersuchungen zur Chronostratographie von bekannten Palaoboden in Niederosterreich mittels post-IR IRSL-Datierung] 

Das Alter der meisten Lossablagerungen in Niederosterreich ist nicht bekannt. Das gilt insbesondere fur mittelpleistozanen 
Loss, weil es keine allgemein anwendbare und akzeptierte Datierungsmethode fur diesen Zeitraum gibt. Vor kurzem wurde ge- 
zeigt, dass infrarot-stimulierte Lumineszenz-(IRSL)-Signale, die bei erhohten Temperaturen nach einer IR-Stimulation gemessen 
werden, wesentlich stabiler sind als standardmaftig bei 50°C gemessene IRSL-Signale. Diese Signale eroffnen die Moglichkeit, die 
datierbare Altersgrenze zu erweitern, indem der anomale Signalverlust (Fading) minimiert oder gar komplett umgangen wird. 
In dieser Arbeit wenden wir erstmalig zwei post-IR IRSL Single-Aliquot (SAR)-Datierungsprotokolle fur polymineralische Fein- 
kornextrakte von drei unterschiedlichen Loss-Palaoboden-Sequenzen aus Niederosterreich an. Die Lumineszenzcharakteristika 
und Alter der unterschiedlichen Protokolle werden mit denen von Messungen bei 50°C verglichen. Standardisierte Tests (recyc- 
ling ratios, recuperation und dose recovery) zeigen, dass die Protokolle auf den untersuchten Loss anwendbar sind. Die Fading- 
Raten fur die post-IR IRSL-Signale sind wesentlich geringer als fur IRSL bei 50°C, wahrend die Unterschiede in gemessenen 
Fading-Raten fur post-IR IRSL bei 225°C und post-IR IRSL bei 290°C weniger offensichtlich sind. Signifikante Fading-Korrekturen 
fur IRSL bei 50°C sind notwendig. Basierend auf unseren Daten schlussfolgern wir, dass die fading-korrigierten post-IR IRSL 
Alter bei 225°C und die nicht-korrigierten post-IR IRSL Alter bei 290°C die besten Altersabschatzungen fur die untersuchten 
Sedimente liefern. Wir bevorzugen die letztgenannten Alter, weil keine Abhangigkeit zu Fading-Korrekturen besteht. Unsere 
Daten weisen darauf hin, dass die Paudorfer Bodenbildung sich wahrend MIS 5 entwickelte, wahrend die Gottweiger Verleh- 
mungszone wesentlich alter ist (> 350 ka) als in den meisten vorangegangen Studien angenommen wurde. 

post-IR IRSL; fading; loess; Middle Pleistocene; Lower Austria 
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1 Introduction 



Loess/palaeosol sequences contain detailed archives of ter- 
restrial palaeoenvironmental changes and landscape evo- 
lution. Unfortunately, most loess sequences lack a reliable 
absolute chronology and hence these changes are difficult 
to constrain in time. Especially for Middle Pleistocene loess 
deposits, geochronological information is scarce because 
there is, as yet, no generally applicable and reliable instru- 
mental dating method which can be used for this age range. 



Luminescence dating has proved to be a useful tool to date 
loess deposits (Roberts, 2008), not only because of the 
wide age range covered by this technique (from a few years 
to, theoretically, several hundred thousand years; Aitken, 
1998) but also because of the long sub-aerial transport of 
the particles which make up loess; this is confidently ex- 
pected to have bleached any luminescence signal prior to 
deposition. Loess is also made up almost entirely of quartz 
and feldspar, both of which are suitable dosimeters for lu- 
minescence dating. The main drawback in the optically 
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Fig. 1: Map of the study area, showing the locations of Gottweig (Furth and Aigen), Paudorf, andjoching. 
Abb. 1: Karte des Untersuchungsgebietes mit den Lokalitaten Gottweig (Furth und Aigen), Paudorf und Joching. 



stimulated luminescence (OSL) dating of quartz extracted 
from loess is the low saturation level of -200 Gy; this is 
equivalent to -50-70 ka assuming a dose rate of between 
3 and 4 Gy/ka (typical for loess, e.g. Frechen et al, 1997; 
Novothny et al, 2002, 2009; Wang et al., 2006; Buylaert 
et al, 2007; Lai et al, 2010; Thiel et al, 2011a, b). In con- 
trast, feldspar infrared stimulated luminescence (IRSL) sig- 
nals have a much higher saturation dose (-1500-2000 Gy; 
equivalent to -500-700 ka) but, on the other hand, most 
feldspars suffer from athermal signal loss, referred to as 
anomalous fading (Wintle, 1973; Spooner, 1994). Because 
of this phenomenon, IRSL ages tend to significantly under- 
estimate the depositional age. Huntley & Lamothe (2001) 
have presented a model that can be used to correct the age 
underestimation, but these corrections are theoretically 
only applicable to the linear part of the growth curve, i.e. to 
young samples. Approaches which allow for correction be- 
yond the linear region have been proposed by Lamothe et 
al. (2003) and Kars et al. (2008); in principle these models 
can be used for older material (in case of loess >50 ka), but 
there is little or no testing of these models available in the 
literature. Although fading corrections can give apparently 
accurate ages (Huntley & Lamothe, 2001; Buylaert et al, 
2011) it seems more advisable to make use of IRSL signals 
that show less or no fading (Thiel et al., 2011a, submitted) 
because all correction models involve untestable assump- 
tions, including that the fading rate observed on a labora- 
tory timescale is relevant to geological time. In addition, 
there are examples where feldspar IRSL ages underesti- 
mate when compared with independent age control, even 
after fading correction (e.g. Wallinga et al., 2007). 

Recent developments in luminescence dating offer the 
potential to circumvent the problem of anomalous fading, 
and thus to extend the reliable dating range to the Mid- 
dle Pleistocene (126 to 781 ka; Head et al, 2008). The post- 
IR IRSL signal (IR stimulation at 50°C and subsequent IRSL 



measurement at 225°C, blue detection; Thomsen et al., 2008) 
seems to have great potential; in the laboratory, this sig- 
nal fades more slowly than conventional IRSL measured at 
50°C. Buylaert et al. (2009) tested the applicability of this 
post-IR IRSL signal to dating sand-sized potassium feldspar 
grains; the fading rate of the post-IR IRSL signal was two 
times smaller than the one of the IRSL signal measured at 
50°C. Thiel et al. (2011a) used a preheat of 320°C (60 s), IR 
stimulation at 50°C (200 s) and subsequent post-IR IR stimu- 
lation at 290°C (200 s) for polymineral fine grains (4-11 urn). 
They measured the natural signal and dose response curve 
of a sample from below the Brunhes/Matuyama boundary 
(-780 ka, expected natural dose >2700 Gy), and found the 
natural signal in saturation on the laboratory regenerated 
growth curve; from that they concluded that for their sam- 
ples they were unable to detect any evidence for anoma- 
lous fading in the field using post-IR IRSL at 290°C. 

Even though post-IR IRSL dating in its different forms 
has now been applied in several studies (Buylaert et al, 
2009; Thiel et al., 2010, 2011a, accepted; Reimann et al., 
2011) no study has compared the performance of the two 
different post-IR IRSL dating protocols now in use. In this 
paper we compare the ages derived from the IR signal at 
50°C and two post-IR IRSL signals (post-IR IR stimulation at 
225°C, Buylaert et al, 2009; post-IR IR stimulation at 290°C, 
Thiel et al., 2011a) for three loess/palaeosol sequences in 
Lower Austria: i) Joching, ii) Paudorf, and iii) Gottweig. 
These sites have a long scientific history, starting with the 
investigations of Bayer (1927) and Gotzinger (1936). Nev- 
ertheless the ages of the pedocomplexes 'Paudorfer Boden- 
bildung' and 'Gottweiger Verlehmungszone' are still con- 
troversial (Fink, 1976; Noll et al., 1994; Zoller et al, 1994; 
Smolikova et al., 1994) due to discontinuities as the result 
of intensive erosional phases (cf. Havlicek et al, 1998), 
and illustrate the need for a more reliable numerical dating 
method. We first demonstrate that our measurement pro- 
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Fig. 2: Photograph and simplified sketch of the 
loess/palaeosol sequences atjoching. The lumines- 
cence ages presented are uncorrected post-IR IRSL 
ages at 290°C. For details on the material composi- 
tion, sampling depths and dating see text. (Photo: 
Reinhard Roetzel) 

Abb. 2: Fotographie und vereinfachte Profilzei- 
chung der Loss-Palaoboden-Sequenz in Joching. 
Die prasentierten Lumineszenzalter sind nicht- 
korrigierte post-IR IRSL Alter bei 290V. Siehe 
Text fur detaillierte Informationen zu Material, 
Probentiefe und Datierung. (Foto: Reinhard Ro- 
etzel) 



tocols are applicable to these samples, by examining recu- 
peration, recycling ratios and the ability of these protocols 
to measure a known dose given in the laboratory. Subse- 
quently the luminescence characteristics, the equivalent 
doses and laboratory fading rates for the various signals 
are compared and the derived ages (corrected and uncor- 
rected) are discussed in terms of their reliability. Finally, 
the most reliable set of IRSL ages is used to unravel the 
chrono stratigraphy of the prominent palaeosols in Lower 
Austria. 

2 Site descriptions and sampling 

The loess/palaeosol sequences investigated in this study 
are located in the Kremser Feld in Lower Austria (Fig. 1); 
this region is covered by up to 30 m of loess deposits. Three 
sites exhibiting the prominent palaeosols 'Paudorfer Bod- 
enbildung' and 'Gottweiger Verlehmungszone' were in- 
vestigated; samples for luminescence dating were taken 
by hammering metal tubes into the freshly cleaned profile. 
Samples for dosimetry measurements (-1000 g) were taken 
from immediately around the luminescence samples. 

2.1 Joching 

The village of Joching is located on the left bank of the Dan- 
ube (Fig. 1) and is the furthest upstream of our sites. The 
loess/palaeosol sequence has a total thickness of about 10 



m, with at least two distinct palaeosols (Fig. 2). Below silty 
yellowish-brown loess (unit Jl) a zone of Cryosol horizons 
(unit J2) is underlain by stratified loamy pellet sands ('Brock- 
elsande'; unit J3) of up to 4 m thickness. These sands cover a 
palaeosol horizon with interstadial intensity (J4). About 1.0 
m of silty yellowish-brown loess rich in secondary carbon- 
ates and with few mollusc fragments (unit J5) is exposed be- 
low this soil. The loess is underlain by a pedocomplex (units 
J6-8) which intensity implies interglacial conditions. Loess 
(unit J9) is exposed below this pedocomplex. 

At this site three luminescence samples were taken (Fig. 2). 
Sample 1398 was taken from the loess unit Jl 1.3 m below 
top ground surface. The 'Brockelsand' (unit J3) was sampled 
(sample 1399) 0.2 m below the Cryosol complex (unit J2), and 
sample 1400 was taken in the loess unit J9 0.7 m below the 
pedocomplex, i.e. -8.3 m below top ground surface. 

2.2 Paudorf 

The village of Paudorf is located on a right bank tributary 
of the Danube. The loess/palaeosol sequence is exposed in 
a former brickyard and is the type locality of the 'Paudor- 
fer Bodenbildung' sensu Gotzinger (1936). The outcrop, 
last described by Fink (1976) and thermoluminescence (TL) 
dated by Zoller et al. (1994) and Noll et al. (1994), is about 
9.5 m thick (Fig. 3). At least two well-developed pedocom- 
plexes are preserved at this site; the uppermost soil com- 
plex is the prominent 'Paudorfer Bodenbildung' (Fig. 3). 
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Fig. 3: Photograph and simplified sketches of the loess/ palaeosol sequence at Paudorf. The presented ages are based on post-IR IRSL dating at 290°C (except 
sample 1403, for which corrected post-IR IRSL at 225°C was used). For details on the material composition, sampling depths and dating see text. 

Abb. 3: Fotographie und vereinfachte Profilzeichnungen der Loss-Palaoboden-Sequenz in Paudorf. Die prasentierten Lumineszenzalter sind nicht-korrigierte 
post-IR IRSL Alter bei 290°C (bis auf Probe 1403, fur die das korrigierte post-IR IRSL Alter bei 225°C genommen werden musste). Siehe Text fur detaillierte 
Informationen zu Material, Probentiefe und Datierung. 



The luminescence sampling points are shown in Figure 3; 
two adjacent profiles were sampled (Paudorf I and II). The 
uppermost sample 1404 was taken in loess (unit PI-2) 0.3 m 
above the 'Paudorfer Bodenbildung' (unit PI-3), which is 
here developed as a reddish-brown, clay-rich palaeosol with 
crotovina. The loess unit PI-4 below the 'Paudorfer Bodenbil- 
dung', was sampled 2.9 m below top ground surface (sample 
1403). 

In profile Paudorf II, the 4 m thick loess (PII-3) was sam- 
pled below the 'Paudorfer Bodenbildung' at a depth of 4.2 m 
(sample 1402); because of induration, this sample had to be 
taken as a block. The loess deposit is underlain by alternat- 
ing Cryosol and loess horizons (PII-4 to PII-7). In its lower 
parts a weak brownish palaeosol is exposed (PII-8). A loess 
layer (PII-9) bracketing the weak palaeosol and the basal 
pedocomplex (PII-10), originally correlated with the 'Gott- 
weiger Verlehmungszone' (Gotzinger, 1936), was sampled 
at a depth of 7.8 m (sample 1401). 

2.3 Gottweig 

Two different sections were investigated near the monas- 
tery of Gottweig, just north of the loess sequence at Pau- 
dorf (Fig. 4). Section I (Fig. 4a) is the classical site of the 
'Gottweiger Verlehmungszone' sensu Bayer (1927) and 
Gotzinger (1936), located near the town of Furth in a 
sunken path. The pedocomplex 'Gottweiger Verlehmung- 



szone' (unit GI-4) and the overlying up to 6 m thick loess is 
exposed horizontally over several hundred meter and lies 
on a Danube terrace; the correlation with other terraces is 
unclear. A continuous thin layer (unit GI-2) can be iden- 
tified in the loess package; preliminary magnetic analysis 
suggest that this layer is a tephra (pers. comm. U. Ham- 
bach), whose origin and age is unfortunately unclear. 

The luminescence sampling points at Section I are 
shown in Figure 4a. Sample 1406 comes from silty loess 
(unit GI-1) 0.6 m above the tephra (unit GI-2), and sample 
1405 was taken in sandy-silty yellowish-brown loess (unit 
GI-3) 0.3 m below the tephra. Another sample (1407; not 
shown in Fig. 4) was taken 300 m upslope 30 cm below re- 
worked loess which includes pebbles and sandy layers; the 
position of this sample with respect to the other samples 
is not unambiguously established but the sampling point 
definitely lies above the tephra layer. 

Section II is located in the hollow way near the village 
of Aigen (between Gottweig and Paudorf), where a pedo- 
complex correlated with the 'Paudorfer Bodenbildung' is 
exposed (Fink, 1976; Fig. 4b). However the pedocomplex 
(unit GII-3) is eroded at this site, deduced from the lack of 
an A horizon and a package of 30 cm thick reworked soil 
sediment (unit GII-2) covering the soil. The fme-silty yel- 
lowish-brown loess (unit GII-l) was sampled 0.7 m below 
top ground surface and 0.6 m above the 'Paudorfer Boden- 
bildung' (sample 1408); due to induration the sample had 
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Fig. 4: Photographs and simplified sketches of the loess/palaeosol sequences at Gottweig. a) Section I: type locality of the 'Gottweiger Verlehmungszone' 
(Gottweig-Furth), b) Section II (Gottweig-Aigen), with 'Paudorfer Bodenbildung' (Fink, 1976). Sample 1407 was taken 300 m upslope from Section I and is 
not shown in the figure. All ages are derived by post-IR IRSL dating at 290°C. For details on the material composition, sampling depths and dating see text. 

Abb. 4: Fotographie und vereinfachte Profilzeichnungen der Loss-Palaoboden-Sequenzen in der Nahe von Gottweig. a) Aufschluss I: Typlokalitat der 
Gottweiger Verlehmungszone (Gottweig-Furth); b) Aufschluss II (Gottweig-Aigen) mit der Paudorfer Bodenbildung (Fink, 1976). Probe 1407 wurde 300 m 
hangaufwarts in Gottweig-Furth genommen und ist in der Abbildung nicht zu sehen. Alle Alter wurden mittels post-IR IRSL bei 290°C bestimmt. Siehe 
Text fur detaillierte Informationen zu Material, Probentiefe und Datierung. 



to be taken as a block. Sample 1409 was taken in carbonate 
rich silty loess (unit GII-4) 0.6 m below the 'Paudorfer Bod- 
enbildung' (i.e. 2.5 m below top ground surface). 

3 Sample preparation and analytical facilities 

In the laboratory, all samples for equivalent dose (D e ) deter- 
mination were treated under subdued red light. The outer 
ends (~1 cm) of the samples might have been exposed to day- 
light during sampling; these were discarded and the remain- 
ing sample treated with hydrochloric acid, sodium oxalate, 
and hydrogen peroxide. Between each treatment step the 
sediment was washed with distilled water. Special attention 
was paid to samples 1402 and 1408 (taken as blocks); all sur- 
faces were scraped off to a depth of >1 cm before chemical 
treatment. The fine-silt fraction (4-11 urn) of the samples 
was extracted by repeated settling and washing (Frechen et 



al., 1996). The polymineral fine-grains were then deposited 
on aluminium discs (diameter 9.7 mm) from a suspension in 
acetone (2 mg/ml). Luminescence measurements were made 
with automated Riso TL/OSL readers (DA- 15 and DA-20, re- 
spectively; B0TTER-Jensen et al., 2003; Thomsen et al., 2006) 
fitted with calibrated 90 Sr/ 90 Y beta sources calibrated using 
fine-grained quartz on aluminium discs. The feldspar signal 
of the polymineral samples was stimulated with infrared 
light diodes emitting at 870 nm, and the luminescence was 
detected in the blue-violet region (325-450 nm) through a 
Schott BG39/Corning 7-59 filter combination. 

4 Dosimetry 

The concentrations of U, Th and K were determined by 
high-resolution gamma-ray spectrometry equipped with a 
high-purity germanium detector. 700 g of each sample of 
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Tab. 1: Summary of dosimetry data. A water content of 15 ± 5% was estimated for all samples. 

Tab.l: Zusammenfassung der Dosimetriedaten. Ein Wassergehalt von 15 ± 5% wurdefiir alle Proben angenommen. 



Sample 


K[%] 


U [ppm] 


Th [ppm] 


Cosmic dose rate [Gy/ka] 


Total dose rate [Gy/ka] 


1398 


1.2 ±0.1 


3.0 ±0.1 


10.6 ±0.3 


0.18 ±0.02 


3.1 ±0.1 


1399 


1.7 ±0.1 


3.2 ±0.1 


11.5 ±0.4 


0.14 ±0.02 


3.5 ±0.2 


1400 


0.8 ±0.1 


2.3 ±0.1 


7.3 ± 0.3 


0.08 ±0.01 


2.1 ±0.1 


1401 


2.2 ±0.1 


2.8 ±0.2 


11.4 ± 0.4 


0.13 ±0.01 


3.8 ±0.2 


1402 


1.4 ±0.1 


2.5 ±0.1 


9.4 ±0.3 


0.15 ±0.02 


2.9 ±0.1 


1403 


1.5 ±0.1 


2.5 ±0.1 


9.9 ±0.3 


0.17 ±0.02 


3.0 ±0.1 


1404 


1.6 ±0.1 


2.8 ±0.1 


10.9 ± 0.4 


0.20 ±0.02 


3.3 ±0.1 


1405 


1.6 ±0.1 


2.9 ±0.1 


11.0 ±0.4 


0.09 ±0.01 


3.2 ±0.2 


1406 


1.4 ±0.1 


2.8 ±0.1 


9.8 ±0.3 


0.10 ±0.01 


2.9 ±0.1 


1407 


1.5 ±0.1 


2.9 ±0.1 


12.9 ±0.3 


0.11 ±0.01 


3.4 ±0.2 


1408 


1.3 ±0.1 


2.9 ±0.1 


10.1 ±0.3 


0.20 ±0.02 


3.0 ±0.3 


1409 


0.9 ±0.2 


2.2 ±0.1 


6.9 ±0.2 


0.16 ±0.02 


2.1 ±0.1 



dried material was homogenised and packed in Marinelli 
beakers, sealed and stored for at least one month to ensure 
equilibrium between radon and its daughter nuclides be- 
fore counting. Details about the procedures for dosimetry 
measurements at the Leibniz Institute for Applied Geo- 
physics (LIAG) laboratory in Hannover are given by Kunz 
et al. (2010). 

The dose rates were derived using the conversion fac- 
tors of Adamiec & Aitken (1998). For all samples a water 
content of 15 ± 5% was used (Frechen et al., 1997) to allow 
for possible changes in water content throughout time, and 
a mean a-value of 0.08 ± 0.02 was assumed (Rees-Jones, 
1995). Calculation of the cosmic dose rate is based on Pres- 

COTT & HUTTON (1994) 

The dosimetry data are summarised in Table 1. The total 
dose rates range from 2.1 ± 0.1 Gy/ka to 3.8 ± 0.2 Gy/ka. The 
rather low dose rate of 2.1 ± 0.1 Gy/ka for samples 1400 and 
1409 originate in the relatively low Th (~7 ppm) and K (<1%) 
contents. Nevertheless, all dose rates are within the range 
expected for European loess (Zoller et al, 1994; Frechen 
et al., 1997; Novothny et al., 2002, 2009; Thiel et al., 2011a, 
2011b). 

5 Post-IRIRSL dating 

Since Thomsen et al. (2008) first identified reduced labo- 
ratory fading rates from various feldspar signals, several 
studies have tested or made use of elevated temperature 
post-IR IRSL signals (e.g. Buylaert et al, 2009; Thiel et al, 
2010, 2011a, b; Reimann et al., 2011). 

Buylaert et al. (2009) used a preheat of 250°C for 60 s 
(used in many studies in the past), and their post-IR IR stim- 
ulation temperature was chosen to be 225°C. Because Mur- 
ray et al. (2009) showed for sand-sized grains of potassium 
feldspar that there is no systematic increase in equivalent 
dose measured at 50°C for preheat temperatures ranging 
from 80°C up to 320°C (60 s duration), Thiel et al. (2011a) 
adopted a more stringent preheat of 320°C for 60 s to date 
their polymineral fine-grains with a post-IR IRSL protocol. 
This allowed them to use post-IR IR stimulation at signifi- 



cantly higher temperatures. They chose to investigate the use 
of stimulation at 290°C and observed the natural signal of a 
polymineral fine grain extract from below the Brunhes/Ma- 
tuyama boundary (-780 ka, i.e. -2700 Gy) in saturation on a 
laboratory growth curve. Based on these observations, they 
concluded that there is no detectable anomalous fading in 
nature of the post-IR IRSL signal at 290°C, even though they 
were able to measure a finite laboratory fading rate of ~1- 
1.5%/decade. Thiel et al. (submitted) have since compared 
ages obtained using the same post-IR IRSL at 290C protocol 
with independent age control based on both fission track and 
radiocarbon dating as well as quartz OSL at two loess sites 
in Japan (Watanuki et al., 2005) and obtained very consist- 
ent results back to -600 ka. Again they observed a low fading 
rate in the laboratory (1.1 ± 0.2%/decade; n=15) but argued 
that no fading correction was necessary. 

In the following sections we compare the results obtained 
using the post-IR IRSL protocol described by Buylaert et 
al. (2009) (post-IR IRSL at 225°C) with those of Thiel et al. 
(2011a) (post-IR IRSL at 290°C) (Table 2). For comparison the 
results of the IRSL signal at 50°C (measured as part of the 
post-IR IRSL at 225°C protocol) are also discussed. 

5.1 Post-IR IRSL measurements at 225°C 

For these post-IR IRSL measurements we used the same 
temperature and stimulation conditions as Buylaert et al. 
(2009). After a preheat of 250°C for 60 s, we bleached the 
polymineral fine-grains (six aliquots per sample) with IR 
diodes at 50°C for 100 s to recombine the near-neighbour 
trap/centre pairs which fade most rapidly (discussed in e.g. 
Poolton et al, 2002; Thomsen et., 2008, 2011), and then 
held the aliquot at 225°C while measuring the IRSL for 100 
s. The response to a test dose (-70 Gy) was measured in the 
same manner (Table 2), and an IR illumination at 290°C for 
40 s was inserted at the end of each SAR measurement cycle 
to reduce the effect of any recuperation (based on Murray 
& Wintle, 2003). The initial 2.4 s of the decay curve were 
used for D e determination after subtracting a background 
from the last 60 s. 
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Fig. 5: Dose response and natural decay curves for the post-IR IRSL meas- 
urements at 225°C. a) Dose response curve for sample 1399, representative 
of younger samples. The inset shows the post-IR IRSL intensity against 
time (100 s). b) Dose response curve for sample 1407, representative of older 
samples. The natural sensitivity corrected post-IR IRSL signal (Lx/Tx) is 
beyond the linear part of the curve. The inset shows the post-IR IRSL inten- 
sity against time (100 s). 

Abb. 5: Wachstumskurven und naturliche Ausleuchtkurven fur die post-IR 
IRSL-Messungen bei 225°C. a) Wachstumskurve fur Probe 1399 (reprasentiert 
junges Material). Die eingesetzte Abbildung zeigt die post-IR IRSL-Intensi- 
tatgegen die Zeit (100 s). b) Wachstumskurve fur Probe 1407 (reprasentiert 
altes Material). Das naturliche, sensitivitatskorrigierte post-IR IRSL-Signal 
(Lx/Tx) istjenseits des linearen Bereiches. Die eingesetzte Abbildung zeigt 
die post-IR IRSL-Intensitat gegen die Zeit (100 s). 



& Lamothe (2001), were normalised to a measurement time 
delay of 2 days after irradiation. 

The dose response curves and the post-IR IRSL decay 
curves of samples 1399 (a 'young' sample) and 1407 (an 'old' 
sample) are shown in Figure 5; they are representative of 
all the other samples presented in this study. The sensitiv- 
ity-corrected natural of the post-IR IRSL signal of sample 
1399 lies on the relatively linear part of the dose response 
curve, whereas the natural post-IR IRSL signal of sample 
1407 (Fig. 5b) clearly lies beyond the linear region, which 
thus reduces the accuracy of the Huntley & Lamothe 
(2001) fading correction. 

The ability of a measurement protocol to reproducibly 
measure the response to a laboratory dose given after re- 
peated heating of the sample is represented by the recyc- 
ling ratio, which ought to yield values indistinguishable 
from unity. The recycling ratios for the samples vary be- 
tween 0.99 ± 0.01 (n=6; sample 1407) and 1.05 ± 0.02 (n=5; 
sample 1399) (Table 3 and Fig. 6a). Recuperation is well be- 
low 5% of the natural signal for all except the uppermost 
sample of the Joching profile (sample 1398), which shows a 
recuperation of 8.8 ± 0.5% (n=6) (Fig. 6b). 

Satisfactory recycling ratios do not necessarily mean that 
doses given before any heating can also be measured ac- 
curately (which is the closest we can come to reproducing 
natural conditions). We therefore carried out a dose recovery 
test. Three natural aliquots of samples 1399 (Joching), 1401 
(Paudorf) and 1405 (Gottweig) were bleached for 4 hours in 
a Honle SOL2 simulator (sample to lamp distance -1.2 m to 
avoid heating of the aliquots). The aliquots were then given a 
beta dose similar to the measured D e for each sample and the 
given dose was measured in the usual manner. The results of 
the dose recovery test are shown in Fig. 7a. For all samples, 
measured/given doses are within 10% of unity. Because of 
the residual signals (and hence doses) observed for the post- 
IR IRSL signal at 225°C in other studies (Thomsen et al. 2008; 
Buylaert et al, 2009) we measured the residual signal after 
bleaching on separate aliquots of the same samples (three 
per sample). These residual signals were equivalent to a dose 
of 4.7 ± 0.5 Gy (n=9). After subtraction of these residual dos- 
es the measured/given dose ratios vary between 0.97 ± 0.01 
(n=3; sample 1404) and 1.02 ± 0.04 (n=3; sample 1399). Both 
the measured to given ratios before and after residual sub- 
traction are very close to unity (Fig. 7), demonstrating the 
accuracy of the measurement protocol when measuring an 
artificial beta dose given prior to any heating. 



The laboratory fading rate was measured on three ali- 
quots per sample as the IRSL signal decreased over time us- 
ing artificially irradiated aliquots; this is expressed in terms 
of the percentage decrease of signal intensity per decade 
of time (the g-value; Aitken, 1985, Appendix F). After a fi- 
nal IR illumination at 290°C for 40 s, the same aliquots as 
for equivalent dose measurements were given doses of -50 
Gy ('young samples') and -200 Gy ('old samples'), respec- 
tively, to monitor anomalous fading using the SAR proto- 
col outlined in Table 2. The storage times after irradiation 
and preheating (Auclair et al, 2003) varied from as brief 
as experimentally possible ('prompt') to delays of up to -10 
hours. The g- values, calculated using Equation 4 of Huntley 



5.2 Post-IR IRSL measurements at 290°C 

Following Thiel et al. (2011a), after preheating the samples 
(six aliquots per sample) at 320°C for 60 s we bleached the pol- 
ymineral fine-grains with IR diodes at 50°C for 200 s and sub- 
sequently measured the IRSL at 290°C for 200 s. The response 
to a test dose was measured in the same manner, and an IR 
illumination at 325°C for 100 s was inserted at the end of each 
SAR measurement (Table 2). The light sum of the initial 2.4 s 
of the post-IR IRSL signal was used for D e determination, less 
a background derived from the last 100 s. The fading rates on 
three aliquots per sample were measured in exactly the same 
way as for the IR at 225°C signal but using the preheating and 
stimulation conditions of the post-IR IRSL at 290°C protocol. 
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Fig. 6: Recycling ratios and recuperation, a) For all signals and samples 
the recycling ratios are within 10% of unity, b) Recuperation [% of natural 
signal] for all signals and samples. Sample 1398 shows recuperation >5% 
for all (post-IR) IRSL signals, whereas for all other samples it is well below 
5%; for IRSL at 50°C it is below 2%. 

Abb. 6: Recycling Ratios und Recuperation, a) Die Recycling Ratios sind 
fur alle Signale und Proben im Rahmen der zuldssigen 10%-Abweichung. 
b) Recuperation [% des naturlichen Signals] fur alle Signale und Proben. 
Probe 1398 zeigt einen Wert >5%fiir alle (post-IR)-IRSL-Signale, wahrend 
fur alle anderen Proben der Wert <5% ist. FiXr IRSL bei 50°C liegen die Werte 
unter 2%. 



The dose response curves and the post-IR IRSL signals at 
290°C of two samples (1399 and 1407) are shown in Figure 8. 
Whereas the natural post-IR IRSL signal of sample 1399 lies 
in the linear region of the dose response curve, the natu- 
ral post-IR IRSL signal of sample 1407 is well above and is 
approaching saturation. Recycling ratios are very close to 
unity for all samples (Table 3 and Fig. 6a), and recuperation 
varies between 0.91 ± 0.06% (n=6; sample 1405) and 7.2 ± 0.2% 
(n=6; sample 1398) (Fig. 8b); except for sample 1398 recupera- 
tion is well below 5% of the natural (the acceptance thresh- 
old for quartz OSL suggested by Murray & Wintle, 2003). 
Bleaching for dose recovery tests and residual determina- 
tion was conducted in the same manner as for the post-IR 
IRSL measurements at 225°C. After giving a beta dose close 
to the natural the dose was measured using the settings 
described above. Without subtraction of the residual sig- 
nals (13 ± 2 Gy; n=9), measured to given dose ratios vary 
between 1.04 ± 0.02 (n=3; sample 1404) and 1.08 ± 0.02 (n=3; 



sample 1399; Fig. 7a); after subtraction of the residual sig- 
nals the ratios are 0.99 ± 0.02 (n=3; sample 1404) and 1.00 ± 
0.01 (n=3; sample 1407; Fig. 7b). 

5.3 IRSL measurements at 50°C 

The luminescence characteristics and SAR performance for 
IRSL at 50°C presented here are part of the post-IR IRSL 
measurements at 225°C. Thus, the data originate from the 
same aliquots measured in the post-IR IRSL protocol but the 
decay curves of the IRSL at 50°C stimulations are used for all 
calculations (Table 2). For D e determination the initial 2.4 s 
of the decay curve were used after subtracting a background 
from the last 60 s. 

The dose response curves for samples 1399 and 1407 are 
shown in Figure 9. Recycling ratios for all samples are all 
within 10% of unity (Table 3 and Fig. 6a), and recuperation 
varies between 0.4 ± 0.02% (n=6; sample 1407) and 6.7 ± 0.4% 
(n=6; sample 1398). The high recuperated signal of sample 
1398 is unusual compared to the other values, which are all 
below 2% (Fig. 6b). 

The residual signals are equivalent to 1.5 ± 0.2 Gy (n=9). 
Without subtraction of the residual signals the measured 
to given dose ratios vary between 1.09 ± 0.02 (n=3; sample 
1399) and 1.11 ± 0.04 (n=3; sample 1409; Fig. 7a), whereas 
after subtraction the ratios lie between 1.08 ± 0.02 (n=3; 
sample 1399) and 1.10 ± 0.04 (n=3; sample 1409; Fig. 7b). Al- 
though the results are within 10% of unity there does seem 
to be a systematic tendency to overestimate the given dose. 
Nevertheless, we consider these results acceptable, because 
they are within the 10% range. 

6 Comparison of the fading rates and ages derived 
from the different signals 

The laboratory fading rates for all samples and signals are 
listed in Table 3 and plotted in Fig. 10. The mean fading rate 
for IRSL at 50°C is 3.3 ± 0.4%/decade (excluding the two out- 
liers 1398 and 1400), 2.1 ± 0.3%/decade for post-IR IRSL at 
225°C, and 1.0 ± 0.4%/decade for post-IR IRSL at 290°C, con- 
firming that post-IR IR stimulation at higher temperatures 
reduces fading (Thomsen et al, 2008). 
The fading rates for the IRSL measurements at 50°C vary be- 
tween 1.0 ± 0.7%/decade (sample 1401) and 9.9 ± 0.5%/decade 
(sample 1400) and are much higher than for the post-IR IRSL 
measurements, with the exception of sample 1401; the latter 
has a fading rate comparable to those of the post-IR IRSL 
signals (Fig. 10). If this sample indeed does not fade signifi- 
cantly, then the various (uncorrected) D e values should be 
similar, and ages should be indistinguishable. This, however, 
is not observed; the D e values for the post-IR IRSL signals 
are significantly higher than for the IRSL measurement at 
50°C and as a result the ages do not agree (Table 3 and Fig. 
11). Unexpectedly, for sample 1405 the laboratory fading rate 
of the IRSL signal at 50°C is slightly lower (3.4 ± 0.3%/dec- 
ade) than that of the post-IR IRSL signal at 225°C (4.3 ± 0.5%/ 
decade); the post-IR IRSL at 290°C fading rate is much lower 
(0.8 ± 0.4%/decade) than for both the other signals. Given 
the fact that our aliquots are made up of many hundreds of 
thousands of grains, which ought to result in homogeneous 
luminescence behaviour, the variability observed in the fad- 
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Fig. 7: Results of dose recovery tests a) without residual subtraction, b) with 
residual subtraction. The residual signal is 1.5 ± 0.2 Gy (n=9)for the IRSL 
measurements at 50°C, 4.7 ± 0.5 Gy (n=9)for the post-IR IRSL measurements 
at 225V, and 13 ± 2 Gy (n=9) for the post-IR IRSL measurements at 290°C. 
For details about the bleaching conditions and residual measurements see 
text. 

Abb. 7: Ergebnisse der Dose Recovery Tests a) ohne das Restsignal abzuzie- 
hen, b) mit Subtraktion des Restsignals. Das Restsignal ist 1.5 ± 0.2 Gy (n=9) 
fur die IRSL-Messungen bei 50°C, 4.7 ± 0.5 Gy (n=9)fiir die post-IR IRSL- 
Messungen bei 225V, und 13 ± 2 Gy (n=9)fur die post-IR IRSL-Messungen 
bei 290V. Siehe Text fiir Details zu den Belichtungsexperimenten und Mes- 
sungen. 

ing rates, especially for the IR at 50°C signal, is surprising 
and difficult to explain; although it could originate from e.g. 
a change in source area, it seems more likely that it reflects 
some unknown laboratory source of variability. 

Thiel et al. (2011a) measured fading rates of 1-1.5%/dec- 
ade using the post-IR IRSL signal measured at 290°C for their 
polymineral fine-grain samples; they argued that because the 
natural signals from these samples were in saturation on a 
laboratory growth curve, it was unlikely that the natural sig- 
nal had faded significantly. In addition, they also measured a 
fading rate of ~l%/decade for fine-grained quartz dominated 
by a fast OSL component; it seems clear that at the very 
least their post-IR IRSL signal did not fade any more than 
the blue-stimulated OSL signals from quartz. It may be that 
fading rates below 1%/decade are not meaningful, and in fact 
reflect systematic errors in laboratory fading measurements. 

We have confirmed that for the higher temperature sig- 



nals smaller fading rates are obtained and as a consequence 
it is expected that the fading uncorrected ages of the IRSL 
signal at 50°C ought to be younger than for any post-IR 
IRSL measurement. If fading measurements and fading cor- 
rections are applicable (Huntley & Lamothe, 2001), and if 
post-IR IRSL at 290°C does not show significant anomalous 
fading as suggested by Thiel et al. (2011a, accepted), fading 
corrected IRSL ages at 50°C and fading corrected post-IR 
IRSL ages at 225°C should be indistinguishable from fad- 
ing uncorrected ages for the post-IR IRSL at 290°C, at least 
over the dose range for which the Huntley & Lamothe 
(2001) correction may be applicable in practice (-200 Gy; 
Buylaert et al., 2011). The fading uncorrected and fading 
corrected ages are listed in Table 3 and shown in Figure 11. 
We assume that the post-IR IRSL at 290°C gives the most 
accurate age estimates because there is evidence that these 
signals do not fade in nature (Thiel et al, 2011a, accepted); 
this can also be concluded from sample 1405, which is in or 
close to saturation, since laboratory saturation in feldspar 
is only possible when fading is negligible. 

As expected, the fading uncorrected ages of the IRSL 
signal at 50°C (showing the largest fading rates) underes- 
timates compared to the post-IRSL at 290°C (Fig. 11a); the 
age underestimation is most evident for the older samples. 
On the other hand, uncorrected post-IR IRSL at 225°C ages 
only slightly underestimate compared to post-IR IRSL at 
290°C (Fig. lib). The measured post-IR IRSL at 225°C labo- 
ratory fading rates (0.6 to 4.3%/decade; Table 3), at least 
when > 1%/decade, are probably significant, and it seems 
clear that the post-IR IRSL at 225°C needs fading correction. 
A similar observation was made by Buylaert et al. (2009) 
for their Eemian samples (see supplementary table in Buy- 
laert et al., 2009). The fading corrected ages for post-IR 
IRSL at 225°C are plotted against corrected ages for post-IR 
IRSL at 290°C in Figure lie, and against uncorrected ag- 
es for post-IR IRSL at 290°C in Figure lid. It is recognised 
that the correction model is theoretically not applicable at 
higher doses, but such qualifications become of second or- 
der importance when the correction is so small. The fading 
correction for post-IR IRSL at 290°C is, on average, < 10% 
of the age and so Figures lie and lid are very similar. In 
both figures the agreement between the ages derived from 
the two signals is satisfactory with one exception (sample 
1403), for which either post-IR IRSL at 225°C underesti- 
mates, or post-IR IRSL at 290°C overestimates. 

The agreement between the fading corrected ages for 
IRSL at 50°C with the fading uncorrected (or corrected) 
ages for post-IR IRSL at 290°C is slightly poorer, especial- 
ly for the older samples (> 100 ka; Fig. lie). Sample 1400, 
which has a fading rate of 9.9 ± 0.5%/decade resulted in a 
significantly overestimated age after correction of 679 ± 74 
ka (Table 3). This sample is well outside the applicable 
range of the Huntley & Lamothe (2001) correction model, 
but this should result in an underestimation, not overesti- 
mation; however, it is most likely that the fading rate for 
this sample is overestimated. A depositional age of >600 ka 
for this sample is unlikely not only from a stratigraphical 
point of view but also when compared with the post-IR 
IRSL age estimates. The overestimation is consistent with 
the observations of Reimann et al. (2011) using Holocene 
coastal sediments (to which the correction model is defi- 
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Tab. 2: Flowcharts of the post-IR IRSL SAR protocols (Buylaert et al, 2009; Thiel et al, 2011a). For IRSL at 50°C steps 3 and 7 of protocol a) were used for 
equivalent dose determination. 

Tab. 2: Ablauf schema fur die post-IR IRSL SAR-Protokolle (Buylaert et al, 2009; Thiel et al, 2011a). Fur IRSL bei 50°C wurden Schritt 3 und 7 von Protokoll 
a) fur die Aquivalenzdosis-Bestimmung verwendet. 



a) 






b] 






Step 


Treatment 


Observed 


Step 


Treatment 


Observed 


1 


Give dose, D, 




1 


Give dose, D, 




2 


Preheat 250°a 60 s 




2 


Preheat, 320°C, 60 s 




3 


IR stimulation, 100 sat 50°C 




3 


IR stimulation, 200 sat 50°C 




4 


IR stimulation, 100 s at 225°C 


Lx 


4 


IR stimulation, 200 s at 290°C 


Lx 


5 


Give test dose, D T 




5 


Give test dose, D T 




6 


Preheat, 250°C, 60 s 




6 


Preheat, 320°C, 60 s 




7 


IR stimulation, 100 sat 50°C 




7 


IR stimulation, 200 sat 50°C 




8 


IR stimulation, 100 s at 225°C 


T x 


8 


IR stimulation, 200 s at 290°C 


T x 


9 


IR stimulation, 40 sat 290°C 




9 


IR stimulation, 100 s at 325°C 




10 


Return to 1 




10 


Return to 1 





nitely applicable); they show that fading correction of the 
IRSL signal at 50°C for g-values >6 %/decade overestimates 
their depositional ages for which independent age control 
is available. 

In most post-IR IRSL dating studies (e.g. Buylaert et al, 
2009; Thiel et al., 2011a, b; Reimann et al., 2011) it has been 
observed that a significant residual post-IR IRSL signal is 
present after daylight or solar simulator bleaching in the 
laboratory. Thomsen et al. (2008) showed in a bleaching 
experiment that there is no obvious difference in signal 
resetting between the IRSL at 50°C signal and the post-IR 
IRSL signal at 225°C. Nevertheless, using the same post- 
IR IRSL signal, Buylaert et al. (2009) found apparent re- 
siduals of up to 2 Gy for modern samples while residuals 
measured using IR at 50°C were -0.5 Gy; either the two sig- 
nals bleach to different degrees, or there are differences in 
thermal transfer. In contrast, Thiel et al. (2011a) measured 
laboratory residuals equivalent to 15-20 Gy for the post-IR 
IRSL signal at 290°C. For their samples it was difficult to 
decide on the relevance of these residual measurements to 
naturally bleached samples because there were no modern 
analogues available at their site. Again, some or all of the 
residual doses may have arisen through thermal transfer 
following the higher preheat temperature of 320°C. Thus it 
remains unclear to what degree the post-IR IRSL signals 
bleach more slowly than the IR at 50°C for these samples, or 
whether the differences are a result of the different preheat 
temperatures used (i.e. thermal transfer). 

None of the ages presented here have had a residual dose 
subtracted. From laboratory bleaching experiments, appar- 
ent residuals can vary between 1.5 ± 0.2 Gy (n=9) for IRSL at 
50°C and 13 ± 2 Gy (n=9) for post-IR IRSL at 290°C. In nature 
bleaching is likely to be episodic and take place over much 
longer times than is typical for laboratory bleaching experi- 
ments. One can test the size of any residual by determining 
the luminescence age on material of independently known 
young age, or by examining the dose in recently transported 
modern material (modern analogues). Unfortunately, there 
are no modern analogues available at our sites. To test the 
bleachability of the different IRSL signals the ages of the 



younger (<70 ka) samples are compared (Fig. llf). The IRSL 
at 50°C ages are taken as reference because there is good evi- 
dence in the literature that the signal can be bleached to very 
low levels (e.g. Huntley & Clague, 1996) and in this age 
range the fading correction is generally expected to yield ac- 
curate results (Huntley & Lamothe, 2001; Buylaert et al, 
2011). For the youngest sample (sample 1398; IRSL at 50°C 
D e : 15 ± 2 Gy), which might be expected to be significantly 
affected by residual doses, the post-IR IRSL ages are slightly 
older than the corrected IRSL age at 50°C. However, for this 
sample the corrected IRSL age at 50°C of 10 ± 1 ka seems, 
from a geological point of view too young, since there was 
no loess deposition in Lower Austria during the Holocene. 
The post-IR IRSL ages are thus closer to the expected age. 
This gives confidence that the post-IR IRSL signals are 
bleachable in nature, and as a result we do not subtract any 
residual from any of our ages. Nevertheless this assumption 
needs further testing using modern analogues and/or very 
young samples. 

In summary, for young samples, for which the fading 
correction of the 225°C signal is likely to be accurate, both 
the fading corrected ages for post-IR IRSL at 225°C and the 
fading uncorrected ages for post-IR IRSL at 290°C seem 
to yield comparable results. For older samples any fading 
correction is likely to be increasingly inaccurate, and we 
favour the age estimates from the post-IR IRSL at 290°C, 
which apparently do not require significant fading correc- 
tion (Thiel et al, 2011a, accepted). The following discus- 
sion on the chronological framework of the palaeosols is 
hence based on this IRSL signal unless otherwise stated. 

7 Chronostratigraphy of the palaeosols 

In Joching the loess unit Jl above the Cryosol complex (sam- 
ple 1398) was dated to 16 ± 2 ka, whereas the 'Brockelsand' 
(sample 1399) was dated to 47 ± 3 ka. This allows for forma- 
tion of the Cryosol complex sometime between -45 ka and 
-20 ka. Cryosols in Lower Austria were described at Stratz- 
ing and luminescence dated to -27-33 ka (Thiel et al, 2011a). 
This is in agreement with Haesearts et al. (1996), who have 
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Fig. 8: Dose response and natural decay curves for the post-IR IRSL meas- 
urements at 290°C. a) Dose response curve for sample 1399, representative 
of younger samples. The natural Lx/Tx lies in the linear part of the curve, 
b) Dose response curve for sample 1407, representative of older samples. The 
natural Lx/Tx approaches saturation. The insets show the IRSL intensity 
against time (200 s). 

Abb. 8: Wachstumskurven und natiXrliche Ausleuchtkurven fur die post-IR 
IRSL-Messungen bei 290°C. a) Wachstumskurve fur Probe 1399 (reprasentiert 
junges Material). Das natiXrliche Signal (Lx/Tx) liegt im linearen Bereich 
der Kurve. b) Wachstumskurve fur Probe 1407 (reprasentiert altes Material). 
Das natiXrliche, sensitiv itdtskorrigierte post-IR IRSL-Signal (Lx/Tx) liegt 
nahe der Sattigungsgrenze. Die eingesetzten Abbildungen zeigen die post- 
IR IRSL-Intensitat gegen die Zeit (200 s). 
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Fig. 9: Dose response and natural decay curves for the IRSL measurements 
at 50°C as part of the post-IR IRSL measurements at 225°C, i.e. the same 
aliquots are used, a) Dose response curve for sample 1399, representative of 
younger samples. The natural Lx/Tx lies in the linear part of the curve, b) 
Dose response curve for sample 1407, representative of older samples. The 
natural Lx/Tx is beyond the linear part of the curve, nevertheless nowhere 
near saturation. The insets show the IRSL intensity against time (100 s). 

Abb. 9: Wachstumskurven und natiXrliche Ausleuchtkurven fiXr die IRSL- 
Messungen bei 50°C (als Teil der post-IR IRSL-Messungen bei 225°C, d.h. 
dieselben Aliquoten wurden verwendet). a) Wachstumskurve fur Probe 1399 
(reprasentiert junges Material). Das natiXrliche Signal (Lx/Tx) liegt im lin- 
earen Bereich der Kurve. b) Wachstumskurve fur Probe 1407 (reprasentiert 
altes Material). Das natiXrliche, sensitivitatskorrigierte post-IR IRSL-Signal 
(Lx/Tx) liegt oberhalb des linearen Bereiches, jedoch nicht annahernd in 
Sattigung. Die eingesetzten Abbildungen zeigen die post-IR IRSL-Intensitat 
gegen die Zeit (100 s). 



presented several radiocarbon ages (charcoal) from various 
sites in Lower Austria pointing to formation of the Cryosols 
between 27 and 39 ka. The loess unit J9 underlying the pedo- 
complex (sample 1400) was dated to 170 ± 16 ka (MIS 6); it 
is therefore likely that the pedocomplex (unit J6-J8) devel- 
oped during MIS 5; however, an unequivocal attribution to a 
sub-stage is not possible. Because the pedocomplex is com- 
posed of three horizons, it is possible that it comprises the 
entire MIS 5 with its sub-stages. The pedocomplex in Joching 
might thus be correlated with the 'Paudorfer Bodenbildung' 
(unit PI-3; Fig. 3), which at its type locality in Paudorf de- 



veloped during MIS 5. This is shown by the age of the loess 
unit PI-2 above the 'Paudorfer Bodenbildung' of 106 ± 12 
ka (sample 1404), whereas the loess below (unit PI-4) gives 
an age of 159 ± 20 ka (post-IR IRSL at 225°C; sample 1403). 
Here, it has to be noted that the age of 299 ± 33 ka derived 
from post-IR IRSL at 290°C seems to be an overestimate; this 
is likely because the ratio of D e 's obtained (post-IR IRSL at 
290°C/post-IR IRSL at 225°C) is for all samples <1.5, whereas 
for sample 1403 it is 2.1. Hence, for sample 1403, the fad- 
ing corrected post-IR IRSL at 225°C age of 159 ± 20 (Table 3) 
seems the most reliable result and is, within errors, in agree- 
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Tab. 3: Recycling ratios, equivalent doses (DJ, fading rates, and fading uncorrected and fading corrected ages for the three (post-IR) IRSL signals. For all 
samples six aliquots were measured for D e determination. The fading uncorrected ages for the post-IR IRSL signal at 290°C (in bold) are considered the 
most reliable (apart from sample 1403 for which the corrected age of post-IR IRSL at 225°C is considered the most reliable estimate). For details see text. 

Tab. 3: Recycling Ratios, Aquivalenzdosen (D e ), Fading-Raten und nicht-korrigierte sowie korrigierte Alter fiir die drei (post-IR) IRSL-Signale. Fiir alle 
Proben wurden sechs Aliquotenfur die Bestimmung der Aquivalenzdosis verwendet. Die nicht-korrigierten Alter des post-IR IRSL-Signals bei 290V (in 
fett) sind die zuverlassigsten (bis auf Probe 1403, fiir die das korrigierte Alter des post-IR IRSL-Signals bei 225°C am zuverlassigsten angesehen wird). 
Siehe Text fiir Details. 



Location 


Sample 


Signal 


Recycling ratio 


D e [Gy] 


Fading rate 
[%/decade] 


Fading 

uncorrected age 
[ka] 


Fading 

corrected age 
[ka] 


Joching 


1398 


IRSLat50°C* 


1.03 ±0.02 


15 ±2 


8.0 ±0.5 


5±1 


10 ±1 


plRIRSLat225°C 


1.02 ±0.01 


33 ±3 


2.8 ±0.2 


11 ±1 


13 ±1 


plRIRSLat290°C 


1.02 ±0.01 


50 ±5 


1.3 ±0.5 


IB ±2 


18 ±2 


1399 


IRSLat50°C* 


1.07 ±0.07 


140 ±15 


4.3 ±0.5 


40 ±4 


58 ±8 


plRIRSLat225°C 


1.05 ±0.02 


148 ±11 


1.8 ±0.1 


42 ±2 


49 ±4 


plRIRSLat290°C 


0.99 ±0.01 


163 ±10 


0.9 ±0.5 


47 ±4 


50 ±5 


1400 


IRSLat50°C* 


1.01 ±0.02 


329 ±34 


9.9 ±0.5 


157 ±17 


679 ± 74 


plRIRSLat225°C 


1.00 ±0.01 


337 ±32 


2.7 ±0.2 


160 ±17 


201 ±19 


plRIRSLat290°C 


1.00 ±0.01 


356 ±32 


1.0 ±0.3 


170 ± 16 


183 ±19 


Paudorf 


1401 


IRSLat50°C* 


1.02 ±0.02 


474 ±37 


1.0 ±0.7 


125 ±10 


135 ±12 


plRIRSLat225°C 


0.99 ±0.01 


596 ±20 


1.2 ±0.2 


157 ±10 


172 ± 15 


plRIRSLat290°C 


1.00 ±0.01 


714 ±58 


1.1 ±0.2 


189 ± 16 


204 ± 20 


1402 


IRSLat50°C* 


1.03 ±0.01 


344 ±15 


2.2 ±0.6 


119 ±6 


141 ±13 


plRIRSLat225°C 


1.00 ±0.01 


427 ±44 


0.6 ±0.6 


147 ±16 


154 ±20 


plRIRSLat290°C 


0.99 ±0.01 


538 ±34 


0.7 ±0.5 


187 ±12 


195 ±20 


1403 


IRSLat50°C* 


1.01 ±0.04 


353 ±19 


4.3 ±0.6 


118 ±7 


172 ± 19 


plRIRSLat225°C 


1.00 ±0.01 


414 ±44 


1.8 ±0.1 


138 ±15 


159 ± 20 


plRIRSLat290°C 


0.98 ±0.01 


897 ±97 


0.7 ±0.3 


299 ±33 


315 ±41 


1404 


IRSLat50°C* 


1.03 ±0.03 


234 ± 20 


3.7 ±0.6 


71 ±6 


97 ±12 


plRIRSLat225°C 


1.01 ±0.01 


225 ±19 


1.5 ±0.2 


68 ±6 


77 ±9 


plRIRSLat290°C 


1.01 ±0.01 


351 ±40 


1.5 ±0.4 


106 ± 12 


120 ±16 


Gottweig 


1405 


IRSLat50°C* 


0.99 ±0.01 


728 ±51 


3.4 ±0.3 


228 ±17 


304 ±30 


plRIRSLat225°C 


0.99 ±0.01 


1295 ±83 


4.3 ±0.5 


>300 


>300 


plRIRSLat290°C 


0.99 ±0.01 


1845 ±483 


0.8 ±0.4 


>350 


>350 


1406 


IRSLat50°C* 


1.04 ±0.02 


440 ±47 


4.6 ±0.6 


152 ±16 


230 ±34 


plRIRSLat225°C 


1.00 ±0.00 


537 ±30 


2.3 ±0.3 


185 ±12 


233 ± 19 


plRIRSLat290°C 


1.00 ±0.01 


503 ±115 


1.2 ±0.3 


173 ± 40 


190 ±46 


1407 


IRSLat50°C* 


1.00 ±0.01 


847 ±125 


3.2 ±0.3 


249 ±38 


327 ±53 


plRIRSLat225°C 


0.98 ±0.01 


1149 ±96 


2.9 ±0.5 


>280 


>280 


plRIRSLat290°C 


1.00 ±0.01 


1265 ±78 


0.9 ±0.3 


>300 


>300 


1408 


IRSLat50°C* 


0.99 ±0.05 


75 ±6 


3.3 ±0.4 


25 ±2 


33 ±4 


plRIRSLat225°C 


1.00 ±0.01 


83 ±6 


2.0 ±0.5 


28 ±3 


32 ±4 


plRIRSLat290°C 


1.00 ±0.01 


101 ±8 


0.9 ±0.4 


34 ±3 


36 ±4 


1409 


IRSLat50°C* 


1.00 ±0.01 


244 ±16 


3.1 ±0.3 


116 ±8 


151 ±13 


plRIRSLat225°C 


1.00 ±0.01 


294 ± 23 


1.3 ± 0.4 


140 ±13 


155 ±15 


plRIRSLat290°C 


0.99 ±0.01 


263 ±53 


0.7 ±0.3 


124 ± 25 


132 ±30 



* The equivalent doses of the IRSL signal at 50°C are derived from the same measurement cycle as the post-IR IRSL (225°C) results, i.e. preheat of250°C. 
The same applies to the measured fading rates. 
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Fig. 10: Comparison of laboratory fading rates [%/decade] for all samples 
using the different (post-IR) IRSL signals. Lowest fading rates are observed 
for the post-IR IRSL measurements at 290°C. For details about laboratory 
fading measurements see text. 

Abb. 10: Vergleich der experimentell ermittelten Fading-Raten [%/Dekade] 
fur alle Proben bei Anwendung der verschiedenen (post-IR) IRSL-Signale. 
Die geringsten Fading-Raten wurdenfiir das post-IR IRSL-Signal bei 290°C 
gemessen. 



ment with the age of sample 1402 (unit PII-3), which also 
originates from below the 'Paudorfer Bodenbildung' (Fig. 3) 
and was dated to 187 ± 12 ka. The individual soils of the 
'Paudorfer Bodenbildung' might thus have formed during 
sub-stages of MIS 5. Originally the formation of the soil was 
attributed to a Wurmian interstadial by Gotzinger (1936); 
at that time it was not recognised as being a pedocomplex. 
Lozek (1976) revised the attribution of Gotzinger (1936), 
because an interglacial mollusc fauna was found in the low- 
ermost part of the 'Paudorfer Bodenbildung', i.e. the lower 
part of this pedocomplex developed most likely during MIS 
5e. This is in agreement with our dating results and with the 
TL results of Zoller et al. (1994), who state that their age of 
103 ± 11 ka below the 'Paudorfer Bodenbildung' at its type 
locality should be regarded as a minimum age. The attribu- 
tion of the 'Paudorfer Bodenbildung' to MIS 3 as suggested 
by Noll et al. (1994) can clearly be dismissed. At profile Pau- 
dorf II, the BC horizon, i.e. the weakly developed palaeosol 
(unit PII-8, Fig. 3) is younger than 189 ± 16 ka (sample 1401); 
a correlation with other soils in this area remains unclear 
and needs further investigations. For the underlying pedo- 
complex (unit PII-10), which has been correlated with the 
'Gottweiger Verlehmungszone', it can only be concluded 
that it has to be older than 189 ± 16 ka. Hence further inves- 
tigations are needed to address the question whether this soil 
is equivalent to the 'Gottweiger Verlehmungszone', which is 
dated to >350 ka (sample 1405; minimum age based on 2*D 
for post-IR IRSL at 290°C; Wintle & Murray, 2006) at its 
type locality in Gottweig/Furth (Fig. 4a). Originally the 'Got- 
tweiger Verlehmungszone' (unit GI-4) was attributed to MIS 
5e (Gotzinger, 1936), but Zoller et al. (1994) observed nat- 
ural TL signals from above and below the 'Gottweiger Ver- 
lehmungszone' close to saturation and concluded that their 
ages of -200 ka have to be interpreted as minimum ages. 
Furthermore, the alle/Ile ratio of Pupilla shells taken from 
loess immediately above the 'Gottweiger Verlehmungszone' 
soil is too high to be from penultimate glacial loess (Zoller 



et al, 1994). Smolikova (1994) suggest that this pedocomplex 
is perhaps of Holsteinian age, which at present is correlated 
with MIS 11 or MIS 9. Our minimum age is consistent with 
these findings. This age model is also supported by the dat- 
ing of the loess sample 1407 above the tephra, 300 m upslope 
of Section I, which yielded >300 ka; the loess sample 1406 
above the tephra was dated to 173 ± 40 ka, clearly showing 
a hiatus in the sequence. It has to be noted that the tephra, 
if found in other sequences, might be a useful Middle Pleis- 
tocene marker, dated to >300 ka. 

At Section II (Gottweig/Aigen; Fig. 3b) the loess unit GII- 
1 above the reworked loess (unit Gil- 2) and the pedocom- 
plex (unit GII-3) is dated to 34 ± 3 ka (sample 1408) , and is 
thus in good agreement with Zoller et al.'s (1994) TL results 
of 28 ± 3 ka. They dated the loess below the pedocomplex to 
107 ± 10 ka (regenerative dose method) and 119 ± 13 ka (ad- 
ditive dose method) and concluded that the soil formation 
lasted about 90 ka. Even though we have obtained a very 
similar age of 124 ± 25 ka for the loess from below the soil 
(sample 1409), we argue that there is certainly some break 
in the sedimentary record, rather than a long pedogenetic 
phase, because the pedocomplex is clearly eroded (indicated 
by the lack of an A horizon and a covering of soil sediment). 
Nevertheless, the age suggests that the pedocomplex ex- 
posed in Gottweig/Aigen corresponds with the 'Paudorfer 
Bodenbildung' at its type locality (Gotzinger, 1936). 

8 Conclusions 

We have used two recently suggested post-IR IRSL dat- 
ing protocols (Buylaert et al, 2009; Thiel et al., 2011a) 
to compare ages and so unravel the chronostratigraphy 
of prominent palaeosols in Lower Austria. In addition, 
we have compared the fading rates and ages derived from 
post-IR IRSL dating with IRSL at 50°C (measured as part of 
the post-IR IRSL measurements at 225°C). 

The samples behave satisfactorily in the two post-IR IRSL 
SAR protocols, i.e. recycling ratios and dose recoveries are 
close to unity and recuperation is well below 5% for most of 
the samples. The lowest laboratory fading rates are observed 
using the post-IR IRSL signal at 290°C, followed by post-IR 
IRSL at 225°C, and fading rates for IR at 50°C tend to be the 
highest. The fading rates of the post-IR IRSL at 290°C are in 
most cases below 1 %/decade, and based on the observations 
of Thiel et al. (2011a) we conclude that fading for this sig- 
nal is probably negligible over geological time and so we do 
not attempt any fading correction of this signal. Good agree- 
ment between the ages derived from the post-IR IRSL signals 
and those from IRSL at 50°C on young samples shows that 
the post-IR IRSL signals are bleachable. Nevertheless it re- 
mains unclear whether the residual dose observed following 
laboratory bleaching, or some part of it, needs to be subtract- 
ed from the D e . The fading corrected ages for post-IR IRSL 
at 225°C are in generally good agreement with the uncor- 
rected ages for post-IR IRSL at 290°C. Both post-IR IRSL sig- 
nals could be used for dating; we prefer the post-IR IRSL at 
290°C because no fading correction seems to be needed, and 
so there are no dose/age limitations imposed by the use of a 
correction model. However, one 290°C age appeared signifi- 
cantly overestimated in the stratigraphical context, which 
has to be a matter of future investigations. 
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Fig. 11: Comparison of ages for all samples using the different (post-IR) IRSL signals. The ages shown are without subtraction of the residuals, a) Fading 
uncorrected ages for IRSL at 50°C against fading uncorrected ages for post-IR IRSL at 290°C, b) fading uncorrected ages for post-IR IRSL at 225°C against 
fading uncorrected ages for post-IR IRSL at 290°C, c) fading corrected ages for post-IR IRSL at 225°C against fading corrected ages for post-IR IRSL at 
290°C, d) fading corrected ages for post-IR IRSL at 225V against fading uncorrected ages for post-IR IRSL at 290°C, e) fading corrected ages for IRSL at 50V 
against fading uncorrected ages for post-IR IRSL at 290°C, andf) young (<70 ka) fading corrected ages for post-IR IRSL at 225°C (grey circles) and fading 
uncorrected ages for post-IR IRSL at 290V (black circles) against corrected ages for IRSL at 50V, to show the relative bleachability of the post-IR IRSL sig- 
nals. Minimum ages are shown with open error bars. Solid line is a 1:1 line, and dashed lines represent ±10%. 

Abb. 11: Vergleich der Alter fur alle Proben unter Verwendung der verschiedenen (post-IR) IRSL-Signale. Die angefiihrten Alter sind ohne Subtraktion des 
Restsignals. a) Nicht-korrigierte Alter fur IRSL bei 50V gegen nicht-korrigierte post-IR IRSL-Alter bei 290V, b) nicht-korrigierte post-IR IRSL-Alter bei 
225V gegen nicht-korrigierte post-IR IRSL-Alter bei 290V, c) korrigierte post-IR IRSL-Alter bei 225V gegen korrigierte post-IR IRSL-Alter bei 290V, d) 
korrigierte post-IR IRSL-Alter bei 225V gegen nicht-korrigierte post-IR IRSL-Alter bei 290V, e) korrigierte Alter fur IRSL bei 50°C gegen nicht-korrigierte 
post-IR IRSL-Alter bei 290V, undf)junge (<70 ka) korrigierte Alter fur post-IR IRSL bei 225V (graue Punkte) und nicht-korrigierte Alter fiir post-IR IRSL 
bei 290V (schwarze Punkte) gegen korrigierte IRLS-Alter bei 50°C, um die relative Zurixcksetzung der post-IR IRSL-Signale zu zeigen. Minimale Alter sind 
mit offenen Fehlerbalken gezeigt. Die durchgezogene Linie zeigt die T.l-Linie, und die gestrichelten Linien reprasentieren ±10%. 
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We assign the 'Paudorfer Bodenbildung' at its type lo- 
cality in Paudorf to MIS 5. It is furthermore very likely that 
the pedocomplex in Gottweig/Aigen developed during the 
same time and can hence be correlated with the 'Paudor- 
fer Bodenbildung'. The same is true for the pedocomplex 
exposed in Joching. The absolute age of the 'Gottweiger 
Verlehmungszone' remains unclear due to saturation of 
the sample above this soil; the saturation implies an age 
>350 ka for the 'Gottweiger Verlehmungszone'. The discon- 
tinuities in sedimentation observed at these sites are hence 
significant. It has to be noted that sampling at higher reso- 
lution is needed to draw final conclusions on the extent 
of the discontinuities. The correlation of Lower Austrian 
loess deposits and their interleaved palaeosols thus re- 
mains problematic. Advances in absolute dating techniques 
such as post-IR IRSL dating are of importance to address 
the many remaining open questions on loess stratigraphy 
in the future. 
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A high-resolution infrared stimulated luminescence (IRSL) and radiocarbon dating study was performed on the loess-paleosol 
sequence from the island of Susak, situated in the North Adriatic Sea in Croatia. The dating results show that a detailed Late 
Pleistocene record is preserved on Susak, correlating to the marine Oxygen Isotope Stages (OIS) 5 to 2, with a very thick Middle 
Pleniglacial record predominating. Due to its extraordinary thickness (which is recorded to be up to 90 metres), the loess on 
Susak is unique in this area. The numerous paleosols intercalated in the loess give evidence for climate variations which were 
warmer than in other loess regions (e.g. the Carpathian Basin). The great thickness of the OIS3 deposits correlates to the general 
increased dust accumulation in Europe during that time. Based on numerical ages a correlation of the loess on Susak with the 
loess in North Italy and the Carpathian basin, a more detailed time-based reconstruction of climate and environment changes 
in the study area was achieved. 

[Loss-Chronologie der Insel Susak in Kroatien) 

Zahlreiche infrarot optisch stimulierte Lumineszenz (IRSL)- und RadiokohlenstofF (l4C)-Datierungen wurden an machtigen 
L6ss-/Palaobodenabfolgen der Insel Susak in der nordlichen Adria von Kroatien durchgefuhrt. Die Datierungsergebnisse zeigen, 
dass eine sehr detaillierte spatpleistozane Sedimentabfolge auf Susak erhalten geblieben ist, die mit den marinen Sauerstoff- 
isotopenstadien (OIS) 5 bis 2 korreliert. Hervorzuheben ist ein besonders machtiges und gut gegliedertes Mittelpleniglazial. 
Aufgrund der grofien Machtigkeit von bis zu 90 m bildet der Loss auf Susak ein einzigartiges aufierordentlich hoch aufgelostes 
Klimaarchiv in dieser Region. Die zahlreichen im Loss zwischen geschalteten Palaoboden weisen auf Klimavariationen, die auf 
Susak warmer gewesen sind als beispielsweise im benachbarten Karpatenbecken. Die grofie Machtigkeit der Abfolge korreliert 
mit den wahrend des OIS 3 allgemein hoheren Staubakkumulationen in Europa. Basierend auf den nummerischen Altern kann 
die L6ss-/Palaobodenabfolge aus Susak mit denen aus Norditalien und dem Karpatenbecken verglichen werden und ermogli- 
chen eine detailliertere zeit-basierte Rekonstruktion der Klima- und Umweltveranderungen im Arbeitsgebiet. 
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1 Introduction 



Evidence of Pleistocene climatic changes can be found in 
more or less continuous terrestrial sediment records like 
loess-paleosol sequences. Great efforts are made into the 
high resolution sampling and investigation of loess records 
using different disciplines and methods with the purpose of 
identifying climate oscillations and environmental changes 
(Buylaert et al., 2008; Stevens et al, 2008; Bokhorst & 
Vandenberghe, 2009). The correlation with oxygen isotope 
stages (OIS) and the GRIP data (GRIP Members, 1993) is a 
common practice. However, a robust and detailed chrono- 
logy is mandatory to make a reliable correlation possible. 

Loess and loess-like deposits in the North Adriatic region 
are found along the fringes of mountain chains like the Alps 
and the Apennines in Italy and along the coast and islands 
of Croatia. During the last Glacial period, the sea le-vel of 
the Mediterranean was about 100 metres lower than today 
(Van Straaten, 1970; Cremaschi, 1987; Amorosi, et al., 
1999). Therefore, the North Adriatic was an extended and 
closed basin exposed to a strong input of fluvial Alpine ma- 



terial carried by the river Po and other tributaries. The thick- 
ness of the loess and loess-like deposits in the North Adriatic 
area is relatively small, only up to a few meters (Ferraro, 
2009), but the deposits are widely distributed. In Italy, loess 
and loess derivatives can be found on fluvial terraces (Cre- 
maschi et al., 1990), on moraines and fTuvio-glacial deposits 
e.g. Val Sorda (Ferraro, 2009; Ferraro et al, 2004), or on 
the carbonate platform (Coude-Gaussen, 1990) where they 
cover the carbonate basement and fill caves and shelters 
(Cremaschi, 1987; Peresani et al., 2008). Along the Croatian 
coast and on the islands loess and loess derivatives are com- 
mon. In Istria loess can be found in the south, in Premantura 
and Mrlera, and in the north-west, in Savudrija (Durn, Ot- 
tner & Slovenec, 1999; Durn, et al, 2007) as well as on the 
islands of Unije, Velike and Male Srakane, Krk and Losinj 
in the Kvarner region and on the islands Hvar and Mljet 
in South Dalmatia, with reported thickness ranging from a 
few meters up to about 20 m (Bognar, 1979). In Savudrija 
loess is up to 4 m thick and covers terra rossa (Durn, Ot- 
tner & Slovenec, 1999; Durn et al, 2003, 2007). The influ- 
ence of loess was recognised by Durn, Ottner & Slovenec 
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Fig. 1: Geographical setting of the Island ofSusak in Croatia and its relation to the river Po in North Italy and to the Danube loess region with indicated 
locations of loess-paleosol sections used for correlation. Elevation map for the area is prepared using the DEM image obtained from ASTER GDEM (prod- 
uct ofMETI and NASA). 

Abb. 1: Geographische Lage der Insel Susak in Kroatien sowie die Lage der fur die Korrelation wichtigen L6ss-/Palaoboden-Aufschlusse in der Po-Region in 
Norditalien und entlang der Donau. Die Hohenlinien beziehen sich aufein digitales Hohenmodell basierend auf ASTER GDEM-Daten (METI und NASA). 



(1999) and Durn et al. (2007) in the upper parts of terra 
rossa profiles in Istria. The most extraordinary loess-pale- 
osol record of this area is the one found on the island of 
Susak in Croatia (Fig. 1). The genesis and the composition 
of the deposits on the island have been a matter of interest 
and discussion for a long time, since the two past centuries 
(Fortis, 1771; Marchesetti, 1882; Kispatic, 1910; Sandor, 
1914; Mutic, 1967; Wein, 1977; Bognar, 1979; Bognar et 
al, 1983; Cremaschi, 1987; 1990; Bognar & Zambo, 1992; 
Bognar, Schweitzer & Kis, 2002; Bognar, Schweitzer 
& Szoor, 2003; Luzar-Oberiter et al, 2008; Mikulcic 
Pavlakovic et al, 2011; Wacha et al, 2011). Based on the 
mineralogical investigations of the deposits from Susak, 
most of the researchers concluded that the provenance of 
the material is the river Po plain, situated in the northern 
part of Italy. Cremaschi (1990) stated that the deposition 
of loess on Susak is related to the 100 metres drop of the 
sea level in the Mediterranean during the last glacial pe- 
riod. Recently, the loess-paleosol record on Susak has been 
successfully dated using infrared stimulated luminescence 
(Wacha et al, 2011). These first results showed that most 
of the loess-paleosol record correlates to Oxygen Isotope 
Stage (OIS) 3, but the deposition age of the stratigraphi- 
cally older and younger part of the sequence has not yet 
been determined. 

In Croatia, loess and loess-like deposits are well known 
from the north of the country, on the Bilogora Mountain, 
around Dakovo, and the eastern part of the country along 
the river Danube, in Baranja, Srijem and on the Fruska gora 
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Fig. 2: Photo ofKalucica bay on the easternmost cape of the island, with 
the characteristic dissected morphology of the Susak loess sequence. 

Abb. 2: Foto der Kalucica Bucht am ostlichsten Kap der Insel mit der cha- 
rakteristischen morphologischen Auspragung derLosse auf Susak. 



(gora = mountain). Loess deposits in this region were inves- 
tigated by Sandor (1912), Gorjanovic-Kramberger (1912, 
1915, 1922), Bronger (1976, 2003), Bognar (1979), Galovic 
& Mutic (1984), Poje (1985, 1986), Mutic (1990) and oth- 
ers. The first age estimates of these deposits were presented 
by Singhvi et al. (1989), using the thermoluminescence (TL) 
dating method, and by Galovic et al. (2009) using the infra- 
red stimulated luminescence (IRSL). 
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F/g. 3: Geological map of the 
Island ofSusak (simplified after 
Mamuzic, 1965). 

Abb. 3: Geologische Karte der Insel 
Susak (vereinfacht nach Mamuzic, 
1965). 




Fig. 4: Carbonate basement covered with the red paleosol which represents 
the beginning of the Quaternary loess-paleosol sequence on Susak. (Photo 
by E. Schmidt.) 

Abb. 4: Karbonatisches Basement mit uberlagerndem roten Palaoboden, der 
den Beginn der quartaren Loss-/Palaoboden-Sequenz reprasentiert (Foto: E. 
Schmidt). 



In this study the geochronological framework of the loess 
record from the island of Susak presented in Wacha et al. 
(2011) is significantly improved by new infrared stimulated 
luminescence (IRSL) and radiocarbon data. Furthermore, 
the detailed loess-paleosol sequence is compared with the 
contemporaneous loess deposits from the North Adriatic 
Basin and the Pannonian (Carpathian) Basin and an at- 
tempt of a chronostratigraphical correlation is given. The 
loess provinces mentioned above differ in many ways. The 
loess in the Adriatic region is often neglected when major 
correlations of loess in Europe are made. In this study the 
differences and similarities of these two genetically differ- 
ent loess provinces are summarized and they are correlated 
based on their chronology. 

The aim of this study is to establish a more detailed geo- 
chronological framework for the unique loess record on 
the Island of Susak in the North Adriatic Sea as a basis for 
further high-resolution proxy studies including grain-size 
and palaeomagnetic approaches (Wacha et al, in prepara- 
tion) and to settle the Quaternary sediment succession of 
the Island in a wider context, that of the North Mediterra- 
nean and Pannonian (Carpathian) area. 
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Fig. 5: Three macroscopically visible tephra layers were detected intercalating the Susak loess-paleosol sequence, described 
in more detail by Mikulcic Pavlakovic et al. (2011). a) TFl - a thin yellow layer of the lowermost, oldest tephra; b) the 
thin brown paleosol with patches of orange-yellow middle tephra (TF2); c) TF3 - the uppermost and stratigraphically 
youngest most tephra intercalating loess on Susak is found as a thin olive green layer. 

Abb. 5: Drei makroskopisch sichtbare Tephralagen sind den L6ss-/Palaobodenabfolgen auf Susak zwischen geschaltet. 
A) TFl - dixnne gelbe Lage der untersten und stratigraphisch altesten Tephra; b) TF2 - dunner brauner Palaoboden mit 
taschenartigen Anreicherungen einer orange-gelben Tephra; c) TF3 - oberste und stratigraphisch jiingste Tephra als oliv- 
grune Lage im Loss zwischen geschaltet. 



2 Geological setting and the sediment succession 

The island of Susak is situated in the western part of the 
Kvarner Archipelago in the North Adriatic Sea in Croatia 
(Fig. 1). It is the outermost and quite isolated island with an 
area of 3.8 km 2 . The highest peak is at 96 m above sea level 
(asl). Susak is located between 44.50° and 44.52°N and 14.28° 
and 14.32°E. The geomorphology of the island has all charac- 
teristics of a loess plateau (Bognar, Schweitzer & Szoor, 
2003) dissected by numerous gorges, steep bluffs and gullies 
(Fig. 2). Human activity during historical times had and still 
has a major influence on the morphology and erosion of the 
island because the island is a wine yard area since Roman 
times resulting in numerous artificial plateaus. 

Geotectonically, Susak belongs to the West Istrian autoch- 
ton of the Northern Adriatic Carbonate Platform (Mamuzic, 
1973). The basement of the island is made of Upper Creta- 
ceous limestones (Fig. 3 & 4). On the northern coast, Eocene 
limestones can be found (Mamuzic, 1973). The bedrock is 
covered by up to 90 metres of Quaternary sediments, recent- 
ly described by Cremaschi (1990), Bognar, Schweitzer & 
Szoor (2003), Mikulcic Pavlakovic et al. (2011) andWACHA 
et al. (2011). Pliocene and Pleistocene sediments are usually 



transgressive on the Jurassic and Cretaceous carbonates of 
the Istrian platform, and on Neogene or Paleogene deposits 
in the Po basin as seen in cores from the North Adriatic Sea 
(Kalac, et al., 1995). The Quaternary deposits on Susak are 
made of loess, loess derivatives and sand, and are interca- 
lated by numerous paleosols and at least three tephra layers 
(Fig. 5). 

Wacha et al. (2011) and Mikulcic Pavlakovic et al. 
(2011) described altogether four smaller sections from the 
Eastern part of the island in more detail (Fig. 3). In the 
bay of Bok (Fig. 3) a red paleosol, overlain by a second red 
paleo-sol, covers the carbonate basement (Fig. 4). The thick- 
ness of these red paleosols is up to 100 cm but changes lat- 
erally. On some locations on the island only one red pale- 
osol is exposed. The paleosols are separated with septar- 
ian carbonate concretions, up to 20 cm in diameter. Sandy 
loess covers the red paleosols and is in its lower part lithi- 
fied forming a sandstone bench. In the upper part of the 
sandy loess horizon vertical carbonate concretions up to 
10 cm long are found. Secondary carbonates are described 
in more detail by Bognar & Zambo (1992) and Mikulcic 
Pavlakovic et al. (2011) and indicate strong water percola- 
tion from the upper part of the section. The lower part of 
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the loess-paleosol sequence on Susak is dominated by three 
about 1 metre thick paleosols, two of them brown and one 
orange-brown in colour. In the upper part of the loess se- 
quence numerous thin brown paleosols are exposed, some 
of them containing dispersed charcoal and charcoal pieces 
(Fig. 6). The charcoal pieces found in two horizons were in- 
vestigated by Bognar, Schweitzer & Szoor (2003). They 
concluded that these remains are the results of forest fires, 
caused by self-inflammation or human activity and deter- 
mined the Pinus sylvestris group of tree species from the 
charcoal. In the middle part of the loess-paleosol record 
homogenous and laminated sand can be found, in a form 
of a few centimetres thick layers and dune sand. The sand 
indicates stronger wind activity, a near-distance transport 
and a very likely local source of the material. The transition 
from sand into loess is mostly gradual. The general trend 
of loess coarsening upwards was observed by Mikulcic 
Pavlakovic et al. (2011) and is supported by the results of 
grain-size analysis from an ongoing study (Wacha et al., in 
preparation). Three tephras were detected intercalating the 
loess of Susak; two in a form of continuous layers (TFl and 
TF3) and one as accumulations (pockets) in a thin brown 
paleosol (TF2) (Fig. 5). The sedimentological, geochemi- 
cal and mineralogical properties of loess, sand, paleosols 
and the tephras are presented in more detail by Mikulcic 
Pavlakovic et al. (2011). In Fig. 7 all the investigated and 
sampled sections are presented along with the indicated 
sample positions and IRSL and radiocarbon ages. 

3 Dating methods 

3.1 Luminescence Dating 

Loess has proved to be excellent material for lumines- 
cence dating (Frechen, Horvath & Gabris, 1997; Lu, 
Wang & Wintle, 2007; Roberts et al, 2003; Roberts, 2008; 
Novothny, Horvath & Frechen, 2002; Novothny et al, 
2009, 2010; Schmidt et al., 2010) because it fulfils the basic 
dating assumption which is the complete bleaching of the la- 
tent luminescence signal in the mineral grains (quartz and 
feldspar) prior to deposition. Aeolian transportation of dust is 
a good mechanism for the fulfilment of such an assumption 
because during transport the particles are exposed to sunlight 
which releases most of the trapped charges in the crystal lat- 
tice of the minerals and resets the dosimeter to zero. After the 
deposition and after the material had been buried, the miner- 
als are again exposed to the natural radioactivity of the sur- 
rounding sediment. This ionizing radiation moves the charges 
from their original position into charge traps caused by impu- 
rities or crystal lattice defects, from where they can only be 
released by additional energy. Releasing these electrons from 
the traps and their recombination with the positive charges 
in the crystal lattice results in the emission of light (lumi- 
nescence), and can be measured by a photomultiplier in the 
laboratory. With time the amount of such dislocated charge 
grows, meaning that the luminescence signal is proportion- 
al to the depositional age of the sediment. The intensity of 
the luminescence signal increases with the deposition age of 
the sediment. The equivalent dose (D e ) is a measure of the 
past radiation and, if divided by the dose rate, gives the time 
elapsed since the last exposure of the sediment to sunlight, 
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Fig. 6: A detail from the upper part of the Sand Pit section showing the 
weakly developed brown paleosols with dispersed charcoal remains and the 
IRSL and radiocarbon dating results. 

Abb. 6: Detailansicht der schwach entwickelten braunen Palaoboden 
(OIS 3) mit zahlreichen Holzkohleresten aus dem Sand Pit-Aufschluss 
sowie den IRSL- und u C-Datierungsergebnissen. 



i. e. the deposition. The principles of luminescence dating are 
given in detail by Aitken (1985, 1998), Wintle (1997), Lat- 
ter-Jensen, McKeever & Wintle (2003) and Preusser et al. 
(2008, 2009) and a more recent review about luminescence 
dating of loess is presented by Roberts (2008). 

Twenty-one samples were collected in 2008 using light- 
proof plastic tubes, by pushing or hammering into a previ- 
ously cleaned loess wall. Additional material was taken for 
dose rate determination by gamma spectrometry. In this 
study we applied the same sample preparation procedure for 
the extraction of the polymineral fine-grained material, as 
described in Wacha et al. (2011). 

The same protocols and measurement procedures were 
used as presented in Wacha et al. (2011), because they have 
proved to be satisfactory. All measurements were performed 
using two automated Riso TL/OSL-DA15 readers at the Leib- 
niz Institute for Applied Geophysics equipped with a 90 Sr/ 90 Y 
(3-source, with dose rates of 0.101 Gy/s and 0.096 Gy/s, re- 
spectively, for fine grains mounted on aluminium discs. 

Fading tests were performed on the same aliquots which 
were previously used for D e measurements for all samples 
using the suggestion of Huntley & Lamothe (2001) and Au- 
clair, Lamothe & Huot (2003). The same measuring condi- 
tions were used as for the D e evaluation. The mean of the six 
aliquots was used for fading corrections and their standard 
errors. The fading rates (g-values) were calculated according 
to Huntley & Lamothe (2001) using the same integration 
limits as for the D e calculation. The g-values were used for 
age corrections. 

The dose rates of the sediment were measured by gam- 
ma spectrometry with a HPGe (High-Purity Germanium) 
N-type coaxial detector in the laboratory at the Leibniz In- 
stitute for Applied Geophysics. 700 g of dried and homoge- 
nized material was used for the measurements. Each sample 
was placed into a Marinelli-beaker and cap sealed to avoid 
the loss of 222 Rn in the 238 U decay chain and stored for a mini- 
mum of four weeks in order to re-establish the radioactive 
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Fig. 7: The investigated loess-paleosol sections on Susak, with indicated IRSL and radiocarbon sampling positions and age estimates, and their correlation. 

Abb. 7: Die untersuchten L6ss-/Palaobodenaufschlusse auf Susak mit IRSL- und 14 C-Probenpositionen und Altersergebnissen sowie die Korrelation der 
Horizonte. 



equilibrium. The measuring time was one day. The measured 
activities of 40 K; and 210 Pb, 234 Th, 214 Bi and 214 Pb radionuclides 
from the 238 U; and 228 Ac, 208 T1 and 212 Pb radionuclides from 
the 232 Th decay chains were used for the calculation of po- 
tassium, uranium and thorium contents, respectively. The 
radioactive equilibrium was assumed for the decay chain, 
which is normally the case for loess; no radioactive disequi- 
librium was detected by gamma spectrometry. Cosmic dose 
rates were corrected for the altitude and sediment thickness 
(Prescott & Hutton, 1994). The alpha efficiency was esti- 
mated to a mean value of 0.08 ± 0.02 for polymineral IRSL 
(Rees-Jones, 1995). The water content was assumed to be 
from 15 ± 5% to 20 ± 5%, depending on the depth (Pecsi, 
1990). For the calculation of the total dose rate the conver- 
sion factors published by Adamiec & Aitken (1998) were 
used. A systematic error of 2% is included for the gamma 
spectrometry. An error of 10% is estimated for the cosmic 
dose. The uranium, thorium and potassium contents, as well 
as the total dose rates, the cosmic dose rates, the g-values, 
the uncorrected and corrected ages are given in Table 1. 



3.2 Radiocarbon dating 



In this study seven new radiocarbon ages are presented, six 
from the Bok section and one from the Sand Pit section. 
Among them four samples were molluscs (Hv 25895-25898) 
and three were charcoal remains (Hv 25899-25901). The spe- 
cific activity of 14 C was measured radiometrically by pro- 
portional counters (Geyh, 1990, 2005) at the Leibniz Institute 
for Applied Geophysics (LIAG). The radiocarbon ages were 
converted into calibrated calendar ages using the radiocar- 
bon calibration curve based on coral samples and program 
after Fairbanks et al. (2005). The sample positions are shown 
in Fig. 7 and the calibrated and uncalibrated ages are given 
in Table 2. The radiocarbon ages presented in Wacha et al. 
(2011) are shown as well. 



4 Dating results 



Altogether 37 luminescence and 13 radiocarbon samples 
were measured from the loess sequence on Susak to set up 
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a chronological framework for the very detailed sediment 
archive. Results from the dosimetry, the equivalent doses, 
g-values, the uncorrected and corrected age estimates are 
given in Table 1 and the dating results are given in Fig. 7. 
The uncalibrated and calibrated radiocarbon ages are given 
in Table 2. 

The uranium, thorium and potassium contents range from 
2.17 to 4.74 ppm, 7.63 to 15.67 ppm and 1.14 to 1.91%, respec- 
tively. The dose rates of the sediment for the fine-grained ma- 
terial range from 2.46 to 4.40 mGy/a, with a mean value of 
3.53 ± 0.20 mGy/a which is typical for European loess (see 
Frechen, Horvath & Gabris, 1997; Galovic et al, 2009; 
Novothny et al. 2009; Schmidt et al., 2010). 

The D e values from fine-grain feldspar are between 49.1 ± 
2.5 Gy to 276.9 ± 14.0 Gy. For the samples collected at the Bok 
section, the D e values show a systematic increase with depth, 
with a few exceptions and inversions. None of the dose re- 
sponse curves indicated luminescence signal saturation. The 
calculated age estimates are in good stratigraphic order. For 
the Sand Pit section the D e values and the calculated ages are 
quite uniform with a slight increase of age with depth. Fading 
corrections were performed for all samples indicating only 
low anomalous fading rates. The calculated g-values range 
from 1.3 to 2.7%/decade which is very low compared to other 
locations (e.g. Serbian loess (Schmidt et al., 2010) or Hungar- 
ian loess (Novothny et al, 2010)). Fading corrections were 
done, and the uncorrected and corrected ages, as well as the 
g-values, are presented in Table 1. 

At the Bok section an almost continuous increase of age 
with depth can be seen (Fig. 8). The lowermost loess with the 
abundant carbonate accumulations and intercalated by the 
oldest tephra (TFl; Fig 5a & 7) yielded age estimates rang- 
ing from 98.3 ± 7.3 ka to 79.1 ± 5.7 ka. According to the IRSL 
dating results from the loess underlying and covering the 
oldest tephra (TFl), the age of the tephra is between 98.3 ± 
7.3 ka and 93.3 ± 7.0 ka. The sample collected from the same 
loess horizon, but a few metres away from the investigated 
section gave an age of 79.1 ± 5.7 ka. This horizon is covered 
by an orange-brown paleosol. The latter soil formation took 
place prior to 54.3 ± 4.9 ka, which is the IRSL age of the 
loess covering the orange-brown paleosol. The next 4 metres 
of the sequence are made of three brown paleosols, one of 
them containing the middle tephra (TF2; Fig. 5b & 7). In the 
middle part of this interval a sand layer is present, giving an 
IRSL age of 52.8 ± 4.0 ka. The age of the thin brown paleosol 
with the tephra patches (TF2) is between 41.2 ± 3.6 ka and 
39.0 ± 3.3 ka (Fig 5b). Above this paleosol about 20 metres 
of loess is exposed. The IRSL ages from the loess range from 
39.0 ± 3.3 ka to 18.1 ± 1.4 ka, for the loess immediately cover- 
ing the paleosol with the tephra (TF2), and the stratigraphi- 
cally youngest loess collected at this section, respectively. In 
this interval, four thin brown paleosols, some of them with 
charcoal remains, and another tephra layer (TF3) (Fig. 5c) are 
intercalated in the loess. IRSL age estimates from the loess 
below and above this thin tephra are between 31.0 ± 2.3 ka 
and 29.9 ± 2.2 ka. The radiocarbon ages of charcoal remains 
collected from the thin brown paleosols gave calibrated ages 
of 26.2 ± 0.6 ka and 29.1 ± 0.6 ka and are in excellent agree- 
ment with the IRSL ages. The radiocarbon age of molluscs 
collected from below TF3 is in agreement with IRSL ages 
and calibrated radiocarbon ages from charcoal, whereas the 



mollusc sample taken from the top of TF3 shows an age of 
15.1 ± 0.4 ka, which is very likely underestimated for this 
part of the sequence, probably due to contamination with 
younger mollusc species. Two mollusc samples were collect- 
ed in the uppermost part of the section, from the younger- 
most exposed loess. The radiocarbon age of 19.4 ± 0.2 ka is 
in excellent agreement with the uppermost collected IRSL 
sample. The radiocarbon age of 1.4 ± 0.06 ka from molluscs 
collected on top of the section correlates to modern species 
which were very probably washed out from the modern soil. 

Mikulcic Pavlakovic et al. (2011) described a second sec- 
tion in the bay of Bok. At the Bokl section, four luminescence 
samples were collected from the loess covering the orange 
brown paleosol (Fig 7). The IRSL age estimates range from 
70.7 ± 6.3 ka to 63.5 ±5.1 ka. This interval of the section - loess 
intercalated with brown paleosol - gave a slightly higher ages 
than the stratigraphical equivalent at the Bok section. These 
horizons fill the time gap between the orange-brown paleosol 
and the brown paleosol at the Bok section and can hence be 
correlated with each other and interpolated. The differences 
between these two nearby sections could be a result of a dif- 
ferent paleorelief evolution and possible erosion. 

The Sand Pit section starts with a thick brown paleosol 
which is covered by about 8 metres of loess. This loess gave 
age estimates ranging from 39.3 ± 3.4 ka to 33.6 ± 2.6 ka. The 
thin brown soil on the top of this loess horizon containing 
charcoal yielded a calibrated radiocarbon age of 32.5 ± 1.0 
ka and is in excellent agreement with the IRSL ages. Loess is 
covered by a few meters thick laminated sand horizon which 
gave an IRSL age estimate of 34.1 ±3.1 ka. Within error lim- 
its, the age is in agreement with the calibrated radiocarbon 
age. Another sample from this laminated sand horizon was 
taken from the South wall of the investigated section and 
yielded an age of 38.1 ± 2.9 ka. The charcoal collected from 
the thin brown paleosols, yielded radiocarbon ages ranging 
from 32.2 ± 1.0 ka to 24.8 ± 0.8 ka (Fig. 6 & 7). A deposi- 
tion of the laminated sand during a very short time period 
is very likely. The cross-laminated sand is of aeolian origin 
(Mikulcic Pavlakovic et al, 2011) and probably represents 
a dune (Cremaschi, 1990). The upper part of the Sand Pit 
section consists of loess which is in its lower part interca- 
lated by the youngest tephra (TF3; Fig. 5c & 7). IRSL age 
estimates of the loess from below and above the tephra gave 
28.0 ± 2.1 ka and 28.8 ±2.1 ka, respectively, and within error 
limits correlate to the IRSL ages from samples taken from 
the stratigraphically same position at the Bok section. The 
uppermost sample collected from the Sand Pit section gave 
an IRSL age of 24.2 ± 1.8 ka. About ten metres of loess is 
still covering the investigated section, but unfortunately this 
part of the section was not reachable for sampling during 
our fieldwork. In Fig. 7, the IRSL and the radiocarbon dating 
results are presented. They show an excellent correlation for 
both sections. 

5 Discussion 

Wacha et al. (2011) presented the first infrared stimulated 
luminescence (IRSL) dating results for the loess from Susak 
including thirteen samples. In their study a part of the loess- 
paleosol sequence was investigated only from the eastern- 
most part of the island. The present study gives an improved, 
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precise and very detailed gee-chronological frame- 
work of the investigated loess-paleosol sequence 
which resulted from denser sampling. 

Wacha et al. (2011) used the single aliquot re- 
generative-dose (SAR) protocol on polymineral fine- 
grained material separated from loess for the deter- 
mination of the equivalent doses (D e ). Furthermore, 
fading tests and fading corrections were carried out 
and a few samples were additionally measured us- 
ing the older multiple aliquot additive-dose (MAAD) 
protocol for an easier correlation with previously 
published data, like recently published in Galovic 
et al. (2009). The results showed that the loess-pale- 
osol record on Susak correlates to the Oxygen Isotope 
Stage (OIS) 3 with the fading corrected data ranging 
from 50.3 ± 3.5 ka to 27.5 ± 3.5 ka. The ages calcu- 
lated after the MAAD protocols are between 38.0 ± 
2.2 ka and 15.1 ± 1.1 ka and hence underestimating 
the results of the SAR measurements and the true 
deposition age of the deposits. Underestimation of 
these ages is expected due to the anomalous fading 
of feldspar infrared stimulated (IRSL) signals (Win- 
tle, 1973; Spooner, 1994). Nevertheless, both proto- 
cols gave data which led to the same conclusion, that 
the loess-paleosol record on Susak is an amazing and 
very detailed 0IS3 record. Mikulcic Pavlakovic et 
al. (2011) presented four more IRSL ages from a fur- 
ther nearby section in the bay of Bok on Susak. This 
IRSL dating study used the same methodological ap- 
proach as discussed in Wacha et al. (2011) which was 
proved to be successful. The IRSL ages range from 
90.0 ± 6.8 ka to 80.8 ± 5.0 ka. The results presented 
in these previous publications do not cover the com- 
plete loess sequence but concentrate only on the mid- 
dle part. Therefore, additional samples were collected 
with the aim to fill previous sampling gaps and to 
extend the numerical framework to the oldest and 
youngest deposits and so get a very detailed geo- 
chronological record of the last interglacial/glacial 
cycle. 

The stratigraphically oldest soil found on the is- 
land is the fossil terra rossa, named that way by Bog- 
nar, Schweitzer & Szoor (2003) (FTR according to 
Mikulcic Pavlakovic et al, 2011), seen in the cracks 
of the limestone basement. Bognar, Schweitzer & 
Szoor (2003) assumed the age of the fossil terra rossa 
to be 3 to 4 million years BP, but no evidence was 
provided for such statement. It is still not known, i.e. 
there are still no exact data about the age of the thick 
red paleosols which cover the carbonate basement 
of the island. Bognar, Schweitzer & Szoor (2003) 
suggested that the red paleosol presents the lower or 
the lowermost Pleistocene. Paleomagnetic measure- 
ments carried out by Bognar, Schweitzer & Szoor 
(2003) showed negative inclination in the red pale- 
osol, so they correlated the apparent polarity change 
to the Brunhes-Matuyama boundary (0.78 Ma; Spell 
& McDougall, 1992; 0IS19). They also correlated the 
red paleosol with the Paks Double (PD) type paleosol 
from the Hungarian loess stratigraphy. The PD type 
paleosol belongs to the Hungarian "old loess series", 
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Tab. 2: Uncalibrated and calibrated radiocarbon dating results. The results were calibrated using the Fairbanks et al (2005) calibration curve spanning 
from to 50,000 years BP and transferred in ka B. P. in order to make the radiocarbon results better comparable with luminescence ages. * radiocarbon 
dating results presented in Wacha et al. (2011). + Radiocarbon ages are by definition "Age before 1950". 

Tab. 2: Unkalibrierte und kalibrierte Radiokarbon-Datierungsergebnisse. Die Daten wurden mittels der Kalibrationskurve nach Fairbanks et al. (2005), 
welche von bis 50.000 Jahre reicht, kalibriert und in ka B.P. umgerechnet, um eine bessere Vergleichbarkeit der Radiokarbonalter mit dem Lumineszenz- 
datierungen zu gewahrleisten. + Radiokarbonalter sind per Definition „vor 1950". * Radiokarbonalter aus Wacha et al. (2011). 



Sample name 


Radiocarbon age 
ka B.P. + 


Calendar age cal. B.P. 


Calendar age 
ka cal. B.P. 


Material type 


Hv 25696* 


24215 


± 


750 


29023 


+ 


923 


29.0 


± 


0.9 


charcoal 


Hv 25697* 


26890 


± 


950 


32176 


± 


1042 


32.2 


± 


1.0 


charcoal 


Hv 25698* 


26810 


± 


200 


32103 


± 


261 


32.1 


± 


0.3 


charcoal 


Hv 25699* 


23040 


± 


600 


27650 


± 


696 


27.7 


± 


0.7 


charcoal 


Hv 25700* 


27150 


± 


910 


32458 


± 


986 


32.5 


± 


1.0 


charcoal 


Hv 25701* 


25515 


± 


1170 


30602 


± 


1390 


30.6 


± 


1.4 


charcoal 


Hv 25895 


1510 


± 


60 


1391 


± 


60 


1.4 


± 


0.1 


molluscs 


Hv 25896 


16240 


± 


200 


19365 


± 


202 


19.4 


± 


0.2 


molluscs 


Hv 25897 


12950 


± 


290 


15073 


± 


371 


15.1 


± 


0.4 


molluscs 


Hv 25898 


24095 


± 


900 


28888 


+ 


1092 


28.9 


± 


1.1 


molluscs 


Hv 25899 


24300 


± 


455 


29097 


+ 


571 


29.1 


± 


0.6 


charcoal 


Hv 25900 


21765 


± 


420 


26156 


+ 


546 


26.2 


± 


0.6 


charcoal 


Hv 25901 


20755 


± 


640 


24814 


+ 


836 


24.8 


± 


0.8 


charcoal 



also called Paks series, corresponding to OIS 9-24 (Pecsi, 
1993). In loess from below this PD paleosol in the type lo- 
cality at the Paks section the Brunhes-Matuyama boundary 
was identified (Pecsi, 1993). There is no evidence for such 
pedostratigraphical correlation of paleosols from Susak with 
paleosols from Hungary key loess sections and hence this 
approach is questionable. Durn, Ottner & Slovenec (1999), 
Durn (2003) and Durn et al. (2007) investigated terra rossa 
and loess from Istria (Savudrija) and based on similarities 
with loess deposits on Susak described by Cremaschi (1990) 
tentatively proposed an Eemian age of the red paleosol be- 
low the loess complex in Savudrija, but without any dating 
results. They also showed the importance of Late Pleistocene 
loess as parent material of these paleosols in Istria. Mikulcic 
Pavlakovic et al. (2011) concluded that the source material 
of the thick red paleosol which covers the carbonate and can 
be seen in the basement of the loess sequence in the bay of 
Bok on Susak is of a predominantly aeolian origin (loess) 
with a minor influence of material remained after limestone 
karstification and that they are similar to Istrian terra rossa. 
Loess covering the red paleosol on Susak showed age esti- 
mates ranging from 98.3 ± 7.3 ka to 79.1 ± 5.7 ka and so 
numerically correlates to OIS5c-a and 4, respectively. Based 
on these dating results, and the assumed aeolian origin of 
the red paleosols covering the carbonate basement on Su- 
sak and similar red paleosols below loess from Istria, we 
can conclude that soil formation on Susak took place dur- 
ing the last interglacial optimum or any older interglacial 
period and that the oldest loess from Susak deposited prior 
to OIS5e, probably in OIS6 or any other glaciation predat- 
ing the Eemian. The OIS5 interglacial was marked by three 
distinct high sea level stands (Suric & Juracic, 2010). Dur- 
ing OIS5e the sea level stand was the highest, up to a few 
meters higher than today (Lambeck & Chappell, 2001). The 
OIS5a is characterized by two sea level high stands, around 



84 ka and 77 ka BP, with sea level above -14 m, and low 
sea-stand in between, at around 80 ka BP (Suric & Juracic, 
2010). The sea level of the Adriatic Sea was about 100 metres 
lower than today (Cremaschi, 1990; Amorosi, et al. 1999; 
Lambeck et al., 2004) during a part of the Upper Pleistocene 
making the North Adriatic a vast basin exposed to various 
sedimentary processes as well as to aeolian activity during 
the glacials which resulted in loess deposition. 

Red paleosols are often reported to underlie loess in the 
Pannonian basin in Hungary (KovAcs, 2008) and in China 
(e.g. Bronger & Heinkele, 1989) and are found on differ- 
ent rock type basements, representing the beginning of 
loess deposition. The origin of such paleosols is still un- 
der discussion (e.g. KovAcs, 2008) but the aeolian origin is 
probable (Yang & Ding, 2004). The age of these paleosols 
very likely belongs to the Pliocene (Bronger & Heinkele, 
1989; Ding et al, 1999; KovAcs, 2008). Such red paleosols 
are the result of specific climatic conditions and should be 
correlated only in that context. Correlating these paleosols 
based only on their physical properties, without any dating 
results, can lead to wrong geochronological conclusions. 

The age of the tephra (TFl) found in loess covering 
the red paleosol is between 98.3 ± 7.3 ka and 93.3 ± 7.0 ka 
(Fig. 5a). Based on these ages, the mineral and geochemi- 
cal characteristics (Mikulcic Pavlakovic et al., 2011), the 
tephra could be related to the Middle and South Italian vol- 
canic provinces. 

The oldest loess is covered by an orange-brown paleo- 
sol up to 150 cm thick. The pedogenesis of this paleosol 
took place after 93.3 ± 7.0 ka (or 79.1 ± 5.7 ka, if the sam- 
ple Sus08-5 is considered, which was not collected directly 
from the investigated outcrops but a few meters away) and 
before 54.3 ± 5.7 ka, which is the age estimate from the thin 
loess horizon covering the thick orange-brown paleosol in 
the Bok section. This orange-brown paleosol is widespread 
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Fig. 8: The sketch of all IRSL dating results from the Bok section. A continuous increase with depth is evident, showing an 
increased accumulation of loess during the OIS3 and OIS2. Part of the OIS4 deposits are missing in this section but can be 
found at the Bokl section (see legend in Fig. 7). 

Abb. 8: IRSL-Datierungsergebnisse des Bok-Aufschlusses. Die IRSL-Alter sind stratigraphisch konsistent und nehmen mit der 
Tiefe zu. Die Ergebnisse zeigen eine verstarkte Staubakkumulation wahrend des OIS3 und OIS2. Telle von OIS4 sind erodiert 
undfehlen in diesem Aufschluss, sind aber im Bok 1-Aufschluss vorhanden (Legende in Abb. 7). 



over the island and with a more or less constant thickness. 
Bognar, Schweitzer & Szoor (2003) correlated this or- 
ange-brown paleosol with the Mende Base (MB)-type pale- 
osol from Hungarian stratigraphy. Wintle & Packman 
(1988) and Frechen, Horvath & Gabris (1997) proved that 
the age of the MB paleosol is significantly older than the 
last interglacial (OIS5e). At the Siitto section in Hungary, 
the OIS5 is represented by a MB-type paleosol (Novothny 
et al, 2009). The results from this study discarded such 
correlation completely. The orange-brown paleosol is co- 
vered by 4 to 5 metres thick loess. This loess is intercalat- 
ed by brown paleosols and sand layers and a thin brown 
paleosol containing patches of the orange-yellow middle 
tephra (TF2). At the Bok section two, up to 100 cm thick, 
brown paleosols are developed while at the Bok 1 section 
the situation differs. There, alterations of loess and sand are 
intercalated by two brown paleosols, one of them contain- 
ing charcoal pieces, and one double paleosol i.e. a brown 
paleosol directly overlain by another brown paleosol. This 
horizon gave IRSL age estimates ranging from 54.3 ± 4.9 ka, 
measured from loess collected between the orange-brown 
and the first brown paleosol at the Bok section, and 41.2 ± 



3.6 ka, sample collected below the TF2 containing paleosol. 
At the Bok 1 section the IRSL age estimates showed slightly 
older ages ranging from 70.7 ± 6.3 ka to 63.5 ±5.1 ka. Based 
on the IRSL results we can conclude that this sequence very 
likely correlates to OIS4. The differences between these two 
investigated sections are probably due to the differences in 
the paleorelief. It is very likely that a part of the record is 
missing at the Bok section. A layer of thin loess covering 
the orange-brown paleosol at the Bok section might be the 
evidence for the later statement. 

The brown paleosol covering the thin loess horizon was 
correlated to the Basaharc Lower (BA)-type paleosol from 
the Hungarian loess stratigraphy by Bognar, Schweitzer 
& Szoor (2003). When compared to the new IRSL dat- 
ing results of this study and data presented by Frechen, 
Horvath & Gabris (1997), who showed that the BA pale- 
osol formed during the antepenultimate interglacial, such 
a statement can be discarded. 

Indent estimates of loess from below and above the pale- 
osol containing the middle tephra (TF2) range from 41.2 ± 
3.6 ka to 39.0 ± 3.3 ka (Fig 5b). This tephra layer was found 
on several locations on the island and hence is an excellent 
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marker horizon for better correlation. The tephra layer was 
investigated by Mikulcic Pavlakovic et al. (2011) and could 
be correlated to the Campanian Ignimbrite eruption of the 
Phlegraean Fields, which was dated around 39 ka (De Vivo 
et al., 2001). 

On top of the paleosol with TF2 patches about 20 metres 
of loess is exposed. In the lower part of this loess a sand layer 
and four thin brown paleosols are present. The IRSL ages are 
in stratigraphic order, as presented in Figs. 7 and 8, showing 
a continuous loess deposition during OIS3. Four radiocarbon 
samples were collected: two charcoal samples from the thin 
brown paleosols and two samples from loess molluscs. The 
radiocarbon ages are in agreement with the IRSL dating re- 
sults. The youngest tephra (TF3) (Fig 5c), which is exposed 
in this part of the sequence, has IRSL age estimates ranging 
from 31.0 ± 2.3 ka to 29.9 ± 2.2 ka and could be related to the 
Middle and South Italian volcanic provinces based on the ge- 
ochemical analysis, mineral composition and vitroclast mor- 
phology (Mikulcic Pavlakovic et al., 2011). The youngest 
sample collected from the top of the section, at the highest 
accessible position, gave an IRSL age estimate of 18.1 ±1.4 
ka and represents the loess accumulated during a period of 
increased dust accumulation most likely during the last gla- 
cial maximum (OIS2). This IRSL age is in agreement with the 
radiocarbon dating results of molluscs collected from loess. 

The steep loess wall of the Sand Pit sections shows simi- 
larities with the upper part of the Bok section. There, only 
loess and laminated sand are exposed correlating to OIS3. 
The contact with the carbonate basement is not exposed; 
the sequence starts with a thick brown paleosol which is 
older than 34.9 ± 2.7 ka and 39.3 ± 3.4 ka, which are IRSL 
age estimates of the loess covering the brown paleosol. 
This paleosol very likely correlates with the second brown 
paleosol (the upper one) from the Bok section. At the Sand 
Pit section the middle tephra (TF2) was previously found 
in the South Wall but was not exposed during our field- 
work. The main difference between the two investigated 
sections (Bok and Sand Pit) is the predominance of cross- 
laminated sand in the Sand Pit section which probably re- 
presents a dune. Such aeolian sands are often seen on the 
islands in the Adriatic Sea (Markovic-Marjanovic, 1976; 
Borovic et al, 1977; Korolija et al, 1977; Bognar et al, 
1992; Pavelic, Kovacic & Vlahovic, 2006) but they have 
scarcely been investigated (Pavelic et al., submitted). The 
sand on Susak very likely came from a proximal source. An 
erosional channel which was seen in the Sand Pit section 
on the East Wall was a result of local, short and intensive 
water activity. Four brown paleosols containing charcoal 
remains, which can be seen in the lower part of the loess 
covering the dune sands, gave calibrated radiocarbon age 
estimates ranging from 32.2 ± 1.0 ka to 24.8 ± 0.8 ka and 
are in excellent agreement with IRSL dating results (Fig. 
6); the loess below the first paleosol gave an IRSL age of 
34.7 ± 2.7 ka and the loess above the fourth, the uppermost 
paleosol yielded an IRSL age of 28.0 ±2.1 ka. The youngest 
tephra layer (TF3) is clearly visible above the uppermost 
paleosol. Its IRSL age estimates range from 28.8 ± 2.1 ka to 
28.0 ± 2.1 ka and is in agreement with the IRSL ages from 
the samples collected at the Bok section. The uppermost 
collected loess gave an age estimate of 24.2 ± 1.8 ka and 
so correlates to OIS3. This sample location is covered by at 



least 10 metres of loess; this part of the sequence probably 
correlates to OIS2. 

When comparing both major investigated sections, a 
strong similarity is evident. Minor differences are very likely 
due to the evolution and shape of the paleorelief. Such sedi- 
ment succession is representative for the eastern part of the 
island and a similar situation was exposed on the southern 
part of the island. But still no outcrops are available on the 
northern and the western part, the part of the island which 
morphologically forms a plateau. It would be interesting to 
know the succession of the depo-sits in the thickest location 
and its relations to the carbo-nate basement. The question 
about the great thickness of the deposits and the sediment 
succession in the northern part of the island and its relation 
to the carbonate bedrock still remains open. 

In northern Italy, the Val Sorda loess-paleosol sequence 
is located in the river Po basin. Along the Danube, the 
Zmajevac section in eastern Croatia, Stari Slankamen and 
Surduk sections in Serbia and the Siitto section in Hun- 
gary were chosen for correlation and comparison (Fig. 9). 
These sections were selected because of their detailed geo- 
chronological studies allowing a correlation with the last 
interglacial-glacial cycle. These two major loess areas differ 
in climatic conditions during periods of increased dust dep- 
osition in the Upper Pleistocene, hence providing differ- 
ent loessevolution. If we place Susak in a wider perspective 
and compare it with coeval loess-paleosol sequences from 
nearby regions, the most amazing thing is the great thick- 
ness of the deposits on such a small island in the Northern 
Adriatic Sea and the fact that such a sequence remained 
preserved. Loess has been found on other nearby islands in 
the area (Unije, Velike and Male Srakane, Losinj), but only 
as a few metres thick local appearances. Durn, Ottner 
& Slovenec (1999) and Durn et al. (2003) recognised the 
influence of Upper Pleistocene loess in upper parts of ter- 
ra rossa profiles from Istria. Further north, in the river Po 
plain region, loess can also be found, but there no such 
amazing thicknesses have been registered. The most rep- 
resentative loess-paleosol sequence in North Italy is the 
Val Sorda sequence (Ferraro et al, 2004, Ferraro, 2009; 
Fig. 9). This section is about 6 metres thick, starts with a ru- 
befied clayey paleosol covering fluvioglacial deposits and 
consists of about 4 metres of loess intercalated by three 
chernosem paleosols (Ferraro et al, 2004; Ferraro, 2009). 
Ferraro et al. (2004) concluded that the periods of loess 
deposition alternated with three stable phases of intersta- 
dial pedogenesis under steppe climate. Loess has been dat- 
ed by means of radiocarbon and IRSL methods and gave 
age estimates ranging from 63.3 ± 6.7 ka to 18.7 ±2.1 ka. 
These data presented in Ferraro (2009) were measured us- 
ing the multiple aliquot additive dose (MAAD) method and 
may require a correction for anomalous fading. The pub- 
lished IRSL ages can be compared and are in agreement 
with those from the study on Susak. Dating results of arte- 
facts from the Fumane Cave in Northern Italy, also contain- 
ing loess, were correlated with the Aurignacian cultural 
layer which represents the OIS3 (Peresani et al., 2008). At 
the Bagaggera loess sequence TL dating results of artefacts 
also showed an OIS4 to OIS2 age (Cremaschi et al., 1990), 
with soil formation during most of OIS3. The rubefied clay- 
ey paleosol at the bottom of the Val Sorda sequence can 
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very likely be correlated with the red paleosols covering 
the carbonate basement on Susak and the red paleosol de- 
scribed in Savudrija in Istria (Durn et al, 2003). The OIS 5 
(5e - Last Interglacial paleosol) paleosols in the Carpathian 
basin are usually chernozem-type paleosols. At the Zmaje- 
vac section the second paleosol from the top is correlated 
to OIS5 (Galovic et al., 2009). In the Serbian stratigraphy 
the OIS5 paleosol is termed Si and is also of chernozem- 
type (Antoine et al, 2009; Markovic et al, 2007, 2009). In 
the Hungarian loess sections, the OIS5 paleosol is a for- 
est steppe-type paleosol (Frechen, Horvath & Gabris, 
1997; Novothny, Horvath & Frechen, 2002). At the Siitto 
section (Novothny et al., 2011), based on a detailed geo- 
chronological investigation and grain-size analysis, the 
paleosols correlated to OIS5 were divided into interstadi- 
als and the reddish-brown paleosol, below the chernozem- 
like paleosol, was correlated to OIS5e (Fig. 9). The overlying 
chernozem-like paleosol was correlated to OIS5c, which 
was a warm and drier interstadial. The two thinner brown 
steppe-like paleosols intercalated by a thin loess layer, in- 
dicate a shorter and/or less warm and humid interstadial 
period, most likely correlating to the 5a substage. The sub- 
division of the red paleosols on Susak is still not possible; 
detailed investigations are required. These different pale- 
osol types in different geographical regions are a clear evi- 
dence for different paleoclimatic conditions during coeval 
periods. 

In the Carpathian (Pannonian) basin OIS4 is represented 
only by loess deposition (Fig. 9), while on Susak the Early 
Pleniglacial record is probably incomplete. A thin loess hori- 
zon intercalated with thin brown paleosols and occasionally 
with sand is exposed at the Bok section. The loess cover- 
ing the orange-brown paleosol in the Bok 1 section (Fig. 7) 
can also be correlated to OIS4. Loess accumulation during 
OIS4 is also evidenced in the Val Sorda section in a small 
amount (Ferraro, 2009). Novothny et al. (2011) reported 
an increase in sand content for the Lower Pleniglacial (OIS4) 
loess due to a colder and drier climate and increased wind 
intensity in Siitto. 

In the Pannonian (Carpathian) basin OIS3 is character- 
ised by soil development during the interstadials alternat- 
ing with loess accumulation during stadials. In Zmajevac 
(Fig. 9) in Eastern Croatia, one weakly developed pale- 
osol correlates to OIS3 (Galovic et al., 2009). In loess from 
Serbia the Middle Pleniglacial (OIS3) is represented by a 
weakly developed paleosol complex (called LlSl in Serbian 
stratigraphy, Markovic, Kostic & Oches, 2004; Markovic 
et al, 2004, 2005, 2006, 2007, 2008, 2009). A single, weakly 
developed chernozem is described from the Ruma section 
(Markovic et al, 2006), a weakly developed double pale- 
osol at the Petrovaradin brickyard (Markovic et al, 2005), 
the Batajnica (Markovic et al, 2009) and Irig sections 
(Markovic et al, 2007) and multiple paleosol at the Stari 
Slankamen (Schmidt et al., 2010) and Surduk (Antoine et 
al., 2009) sections (Fig. 9). In Hungary, Novothny et al. (2011) 
reported a brown paleosol in Siitto, previously termed MFl 
in the Hungarian loess stratigraphy (Novothny, Horvath 
& Frechen, 2002; Frechen, Horvath & Gabris, 1997). On 
Susak, increased dust deposition interrupted by many soil 
forming periods is evidenced for the Middle Pleniglacial 
period. In the bay of Bok on Susak at least five thin brown 



paleosols are intercalated in the loess but it is even very 
likely that more of such weak paleosols are present. Be- 
side these weakly developed paleosols, two thick brown 
paleosols are present as well, possibly correlating with the 
Hengelo or Denekamp Interstadials of the NW European 
stratigraphy, both correlating to OIS3. The great thickness 
of the OIS3 deposits on Susak is the result of the generally 
increased dust accumulation in Europe (Frechen, Oches & 
Kohfeld, 2003; Machalett et al, 2008) as well as a suit- 
able geographical and morphological position in the North 
Adriatic basin, which was very likely a vast plateau with 
a large material input from the extended floodplain of the 
river Po and its tributaries. The numerous paleosols give 
evidence that the climate on Susak was milder than in the 
Carpathian basin. Three brown paleosols are described in 
the Val Sorda sequence in North Italy (Ferraro et al, 2004; 
Ferraro, 2009). Novothny et al. (2011) concluded that at 
Siitto the climate had an intermediate character, which was 
between the wetter climate in the Western European loess 
sequences and the drier loess successions in the southern 
Carpathian basin. A relatively "warmer" climate was pro- 
posed for the Irig section in Vojvodina by Markovic et 
al. (2007). On Susak, loess deposition was continuous and 
intensive from OIS3 to 2, if compared with the Carpathian 
basin. Based on the numerous paleosols found intercalat- 
ing aeolian deposits on Susak an even "warmer" climate is 
assumed for the North Adriatic area. 

6 Conclusion 

As a part of an ongoing multidisciplinary study, IRSL dat- 
ing of loess-paleosol sequences from Susak was applied 
to provide a detailed geochronological framework. The 
results indicate that the deposits on Susak are a very de- 
tailed Last Glacial-Interglacial record. Within error limits, 
the results are in stratigraphic order, showing a quasi-con- 
tinuous record spanning from OIS5 (and possibly OIS6 or 
older) to OIS 2. The most impressive sequence is the Middle 
Pleniglacial (OIS3) record, including evidence for intensive 
dust accumulation, interrupted by numerous soil forming 
processes and two volcanic events. The IRSL dating results 
are in excellent agreement with the radiocarbon dating re- 
sults. Although dating results are consistent for both dat- 
ing methods, a more precise method should be used for 
estimating the volcanic activity. The grain size of the te- 
phras on Susak does not allow the use of the Ar-Ar dat- 
ing method. Nevertheless, mineralogical and geochemical 
investigations of the tephras (Mikulcic Pavlakovic et al., 
2011) showed that the volcanism involved could be related 
to the Italian volcanic provinces. The red paleosol cover- 
ing the carbonate basement on Susak correlates at least to 
OIS5 but an older age can not be excluded. A more detailed 
investigation regarding the age of the oldest exposed pale- 
osol is needed. Such red paleosols are typical for the whole 
North Adriatic area. 

If the loess record on Susak is correlated with the Dan- 
ube loess-paleosol sequences of the Carpathian basin, the 
differences are obvious. Loess deposition in the Carpathian 
basin was continuous, interrupted by interglacial or inters- 
tadial soil-forming processes as evidenced by in thick con- 
tinuous paleosol layers. On Susak the deposition of aeolian 
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Fig. 9: Bok section, selected to be the most representative section on Susak, correlated with the Val Sorda section in North Italy (Ferraro, 2009), Zmajevac 
in East Croatia (Galovic et al, 2009), Stari Slankamen (Schmidt et al, 2010) and Surduk (Antoine et al, 2009; Fuchs et al, 2008) in Serbia and Siltto in 
Hungary (Novothny et al, 2009; 2010). 

Abb. 9: Der Aufschluss Bok mit derfiir Susak reprasentativsten Loss-/Palaobodenabfolge und die Korrelation mit den Aufschliissen Val Sorda in Norditalien 
(Ferraro, 2009), Zmajevac in Ostkroatien (Galovic et al. 2009), Stari Slankamen (Schmidt et al, 2010) und Surduk (Antoine et al, 2009; Fuchs et al, 
2008) in Serbien und Sutto in Ungarn (Novothny et al, 2009, 2010). 



sediment was more often interrupted by soil forming proc- 
esses, as evidenced by the numerous paleosols, some of 
them are well developed, some probably representing only 
initial pedogenesis. The same major climatic shifts during 
the Last Glacial are responsible for the development of the 
deposits on Susak, as in the Carpathian and Pannonian ba- 
sin. The main difference is the aridity of the climate in- 
volved. The climate on Susak was very likely more humid 
and milder than in other regions. 

The detailed geochronological framework presented 
in this work is an excellent base for future high-resolu- 
tion investigations of climate proxies. Such studies are in 
progress. 

The loess-paleosol succession on Susak proves that the 
North Adriatic region is a separate and unique periglacial 
environment and should not be neglected when investigat- 
ing the global Glacial-Interglacial evolution. 
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Novel methodological approaches in loess research - 
interrogating biomarkers and compound-specific stable 
isotopes 
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Abstract: Loess-paleosol sequences are unique terrestrial archives for the reconstruction of Quaternary landscape and climate history. The 

development of novel, more quantitative paleoclimate proxies may initiate a new era of loess research over the next decade. This 
review paper presents the principles, analytical backgrounds, and first applications of some of these new proxies that are currently 
being developed. We discuss the potential of (i) n-alkanes as plant leaf wax-derived biomarkers for reconstructing vegetation 
history, (ii) amino acid racemization and glycerol dialkyl glycerol tetraether (GDGT) indices as proxies for reconstructing paleo- 
temperature and (iii) compound-specific 5D and 5 18 analyzes of plant-derived n-alkanes and monosaccharides, respectively, as 
proxies for reconstructing paleoclimate/-aridity. While we want to inspire the readership about the exciting methodological and 
analytical developments and their potential for loess research, the current limitations and shortcomings of each proxy should not be 
overlooked. Degradation effects and possible post-depositional'contamination', for example, need to be considered when interpret- 
ing biomarker records, and the deconvolution of varying factors influencing the isotopic signals can be challenging. 

[Neue methodische Ansatze in der Lbssforschung - Biomarker- und substanzspeziflsche Stabilisotopen-Analytik] 

Kurzfassung: Loss-Palaoboden Sequenzen sind wichtige terrestrische Archive fur die Rekonstruktion der quartaren Landschafts- und Klima- 

geschichte. Die Entwicklung neuer, quantitativerer Palaoklima-Proxies konnte in den kommenden Jahren eine neue Ara in der 
Lossforschung einleiten. Dieser Review-Artikel stellt die Prinzipien, die zugrunde liegende Analytik, und erste Anwendungsbei- 
spiele fur einige dieser Proxies vor, welche derzeit entwickelt werden. Wir diskutieren das Potential von (i) pflanzenwachsburtigen 
n-Alkanen als Biomarker fur die Rekonstruktion der Vegetationsgeschichte, (ii) Aminosaure Razemisierung und Glycerin-Dialkyl- 
Glycerin-Tetraether (GDGT) Indizes als Proxies fur die Rekonstruktion der Palaotemperatur und (iii) substanzspezifischen 5D and 
5 18 Analysen an pflanzenburtigen n-Alkanen bzw. Zuckern fur die Entwicklung von Proxies zur Rekonstruktion von Palaoklima/- 
ariditat. Wahrend wir versuchen, die Leserschaft fur die methodischen und analytischen Neuentwicklungen und deren Potential fur 
die Lossforschung zu begeistern, verweisen wir gleichzeitig auch auf die Limitierungen und Schwachen der jeweiligen Methoden. 
So miissen beispielsweise Degradationseffekte oder postsedimentare ,Kontamination' bei der Interpretation von Biomarker-Re- 
kords berucksichtigt und weiter untersucht werden. Des Weiteren konnte sich die Quantifizierung der unterschiedlichen Einfluss- 
faktoren auf Deuterium- und 18 0-Rekords als herausfordernd erweisen. 
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1 Introduction 



Ocean sediments and polar ice cores have provided invalu- 
able insights into the climate system, its natural variabil- 
ity, forcings and mechanisms over the last few decades. 
However, it is the terrestrial, non-polar regions that pro- 
vide most of the ecosystem services that we depend on. In 
view of global warming and the anticipated negative ef- 
fects for ecosystems and economies, increasing scientific 
efforts should focus on reconstructing past climate and en- 
vironmental conditions on land. We need a profound un- 
derstanding of climate change-induced geomorphological 
processes and ecological consequences. 

Loess-paleosol sequences (LPS) are unique terrestrial ar- 
chives for this purpose. Most famous from the Chinese Loess 



Plateau, LPS have also accumulated tens to hundreds of me- 
ters at places in Europe, Siberia, Alaska and South America 
(Markovic et al. 2009; Zoller & Faust 2009; Frechen 2011). 
The typical succession of loess and paleosols generally re- 
flects glacial and interglacial periods, respectively, and thus 
the characteristic climate variability of the Quaternary, the 
last -2.6 Ma. The international 'Loessfest 2009' (Markovic 
2011) in Novi Sad, Serbia, recently provided a platform for 
presenting scientific results, for discussing new methodolog- 
ical developments, and strengthening the international co- 
operation in loess research. An overview over the progresses 
made during the last decade is provided in Zoller (2010). 
Emphasis therein was mainly put on the developments of 
the dating methods, as well as on high-resolution magnetic 
susceptibility and grain-size measurements, because these 
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allow detailed reconstructions of pedogenesis and wind 
strength. 

The aim of this review is to elaborate further on the 
most recent proxy developments. Our motivation stems 
from the anticipation that sophisticated analytical equip- 
ment, including HPLC (high performance liquid chroma- 
tography) and GC-IRMS (gas chromatography - isotope 
ratio mass spectrometry), will become more widely availa- 
ble and boost loess research over the next decade. The new 
tools will provide valuable, complementary paleoclimate 
and paleoenvironmental proxies. In this review, we can 
only give an overview over the principles of the proxies 
that we are currently working on, so by no means it should 
be considered to cover the full range of interesting, prom- 
ising, new methods. The potential, as well as the current 
limitations of the presented methods will be illustrated in 
selected case studies. 

2 Biomarkers and compound-specific stable isotope 
analyzes (CSIA) - some basics 

Biomarkers are organic molecules that are produced by cer- 
tain organisms or groups of organisms and thus have more 
or less specific sources. In many cases, they serve essential 
biophysiological functions, for example as membrane lipids 
in soil-thriving bacteria, or as leaf waxes for plants. Provid- 
ed that the biomarkers are sufficiently resis-tant to degrada- 
tion and mineralization, they are preserved in soils and can 
be extracted and analyzed in paleosols to reconstruct past 
changes in vegetation or bacterial communities. Biomark- 
ers can thus be considered as molecular fossils (Eganhouse 
1997; Eglinton & Eglinton 2008). 



The analytical determination of biomarkers generally starts 
with an (i) extraction or hydrolysis step. For example, li- 
pid biomarkers are extracted from soil/sediment samples 
with organic solvents traditionally using Soxhlet appara- 
tuses and biomarkers that form macromolecules such as 
aminoacids (in proteins) or sugars (in polysaccharides) are 
hydrolytically released using acids, (ii) Subsequently, there 
commonly follow various purification steps e.g. to remove 
interfering cations, (iii) Quantification of the individual 
molecules is in many cases carried out via gas chromato- 
graphy (GC) coupled to flame ionisation detectors (FID) or 
to mass spectrometers (MS). Frequently, molecules have to 
be derivatised to be measurable via GC because they are 
low-volatile or not volatile at all. For instance, transforma- 
tion of hydroxyl groups into trimethylsilyl-(TMS-)deriva- 
tives using e.g. N,0-Bis(trimethysilyl)fluoroacetamid (BST- 
FA) increases the volatileness of molecules by disabling hy- 
drogen bonds. But as HPLC becomes more common and 
available, this step is not necessary any more for those bio- 
markers that can be measured via HPLC. 

Concerning stable isotopes, 6 13 C and 6 15 N analyzes of 
bulk samples, for instance of soil or sediments samples, can 
be accomplished relatively easy via elemental analysis - iso- 
tope ratio mass spectrometry (EA-IRMS). Carbon and nitro- 
gen of samples are thereby transformed into carbon dioxide 
(C0 2 ) and nitrogen (N 2 ), respectively, in the EA. Subsequent- 
ly, the abundance of heavy versus light isotopes ( 13 C/ 12 C 
and 15 N/ 14 N, respectively) in these gases is directly deter- 
mined online in the coupled IRMS. Hence, these analyzes 
are meanwhile well established in many different scientific 
communities and allow, for example, reconstructing C3-C4 
vegetation changes (Boutton 1996; Liu et al. 2005; Zech et 
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Fig. 1: Correlation of compound-specific 8 13 C (shown here are nC 27 and nC 33 ) with bulk 8 13 C (on total organic carbon, TOC) in a sediment core from Ar- 
gentina (Zech et al. 2009b). The higher amplitude for 8 13 C ofnC 33 compared to 8 13 C ofnC 27 reflects the dominant origin ofnC 33 from C3- or CA-grasses, 
whereas nC 27 primarily derives from C3 trees and shrubs. 

Abb. 1: Korrelation von substanz-spezifischen Alkan-8 13 C-Werten (dargestellt fixr nC 27 und nC 33 ) mit Gesamt-8 13 C-Werten (Gesamt organischer Kohlen- 
stoff, TOC) fiir einen Sediment-Bohrkern aus Argentinien (Zech et al. 2009b). Die grofiere Amplitude von 8 13 Cfiir nC 33 verglichen mit 8 13 C von nC 27 kann 
damit erkldrt werden, dass nC 33 uberwiegend von C3- oder CA-Grdsern stammt, wohingegen nC 27 hauptsdchlich von C3 Bdumen und Strduchern stammt. 




E&G/Vol. 60/ No. 1/ 2011/ 170-187/ D0I 10.3285/eg. 60. 1.12 / ©Authors / Creative Commons Attribution License 



171 



al. 2009b) and changes in the nitrogen (N-)cycle (Zech et al. 
2007; Schatz et al. 2010). 

A more sophisticated analytical approach is the combi- 
nation of biomarker- and stable isotope analyzes. From a 
technical point of view, this is mostly accomplished by the 
coupling of a GC to an IRMS via an 'online' combustion unit 
(GC-C-IRMS). Thus, the isotopic composition of individual 
biomarkers eluting successively from the GC-column can 
be determined to provide more specific information than 
bulk isotope analyzes (Glaser 2005; Glaser & Zech 2005; 
Amelung et al. 2008). Zech et al. (2009b), for example, have 
shown for a sediment core from NE-Argentina that the 6 13 C 
values of all individual plant leaf-wax derived n-alkanes 



nC 27 , nC 29 , nC 31 and nC 33 correlate significantly with bulk 
6 13 C. However, the isotopic variations are most pronounced 
for nC 31 and nC 33 (Fig. 1), which corroborates the fact that 
the n-alkane biomarkers nC 31 and nC 33 derive primarily 
from grasses and are thus very sensitive for C3-C4 chang- 
es, whereas nC 27 and nC 29 derive primarily from trees and 
shrubs (C3 vegetation). 

As the natural abundances of deuterium and 18 in rain- 
fall mainly depend on climatic factors, namely temperature 
(Fig. 2) and the amount of precipitation (Craig 1961; Dans- 
gaard 1964; Gat 1996; Araguas-Araguas et al. 2000), SD 
and 6 18 records from LPS would be of great value, too. It 
is no surprise that various kinds of archives and chemical 
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Fig. 2: Correlation between 8 18 of monthly precipitation and surface air temperature for the IAEA/WMO network stations situated between 40 °N and 
60 °N (from Araguas-Araguas et al. 2000, Fig. 4a). 

Abb. 2: Korrelation von 8 18 im monatlichen Niederschlag mit Lufttemperatur fur IAEA/WMO Klimastationen zwischen 40 °N und 60 °N (aus Araguas- 
Araguas et al. 2000, Abb. 4a). 
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Fig. 3: Principle of bulk TC/EA-IRMS 8D and 8 18 analyzes. All hydrogen/oxygen atoms of a sample are converted at high temperature into hydrogen 
(H 2 ) / carbon monoxide (CO), for which SD and 8 18 are determined 'online' via a coupled IRMS by detecting the masses m/z 2 and 3, and m/z 28 and 30, 
respectively. 

Abb. 3: Prinzip von Gesamt TC/EA-IRMS 8D und 8 18 Analysen. Alle Wasserstoff-ZSauerstoff-Atome einer Probe werden bei hoher Temper atur in Wasser- 
stoff- (H 2 ) / Kohlenmonoxid- (CO) Gas umgewandelt. Mittels eines ,online gekoppelten IRMS werden fur diese Gase die SD bzw. 8 18 0-Werte durch Detek- 
tion derMassen m/z 2 und 3 bzw. m/z 28 and 30 gemessen. 
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compounds that record the deuterium and 18 signatures of 
precipitation have been targeted extensively in paleoclimate 
studies, including ice cores, speleothems, lacustrine and 
pedogenetic carbonates, and plant cellulose (e.g. Sternberg 
1988; Mayer & Schwark 1999; e.g. Danis et al. 2006; Wang 
et al. 2006; Gessler et al. 2009). However, these proxies are 
hardly applied to LPSs so far. 

From an analytical point of view, 6D and 6 18 analy-zes 
of bulk samples can be carried out via thermo conversion/el- 
emental analysis (TC/EA-) IRMS 'online' coupling on pyro- 
lytically produced hydrogen (H 2 , HD) and carbon monoxide 
(C 16 0, C 18 0), respectively (Werner et al. 1996; Kornexl et 
al. 1999; Werner 2003) (Fig. 3). However, oxygen and hy- 
drogen occur in many different organic and inorganic pools 
in soils and sediments (crystal water, aliphatic compounds, 
aromatic compounds, alcohols, plant-derived organic mate- 
rial, microbial-derived organic material, etc.). As these pools 
can have distinct isotopic signals, it is very difficult to disen- 
tangle a real paleoclimatic signal when changes in pool sizes 
cannot be excluded. Another metho-dological shortcoming 
is that many hydrogen and oxygen atoms are not strongly 
bound and that they are therefore prone to exchange reac- 
tions (Schimmelmann et al. 2006). Consider for example R- 
COOH (carboxyl-) groups, where the isotopes will equili- 
brate (post-depositionally) with the ambient soil water. We 
will discuss ways to overcome these problems further below. 

3 Novel methodological approaches 

3.1 Plant leaf-wax derived n-alkanes 

n-Alkanes with 25 to 33 carbon atoms (nC 25 -nC 33 ) and a 
strong odd-over-even predominance (OEP) are important 
constituents of cuticular plant leaf waxes (Eglington & 
Hamilton 1967; Kolattukudy 1976). With the litter-fall 
they are deposited and stored in soils and sediments, for 
example in aeolian sediments, where they are assumed to 
be relatively resistant against biogeochemical degradation 



(Cranwell 1981; Lichtfouse 1998; Lichtfouse et al. 1998). 
Since different vegetation types have distinct n-alkane pat- 
terns and hence a so-called "chemical fingerprint", n-alkanes 
have the potential to serve as biomarkers. For instance, they 
are used to differentiate between autochthonous (lacustrine) 
and allochthonous (terrestrial) organic matter in lake sedi- 
ments (Bourbonniere et al. 1997; Ficken et al. 2000; Mu- 
gler et al. 2008; Zech et al. 2009b), or to reconstruct vegeta- 
tion changes, predominantly in terms of the relative propor- 
tions of grasses and trees (Cranwell 1973; Schwark et al. 
2002; Zech 2006). The latter is based on the finding that the 
n-alkanes nC 27 and nC 29 dominate in most modern trees and 
shrubs, whereas nC 31 and nC 33 dominate in grasses. 

n-Alkanes can be easily extracted from dried and grin-ded 
plant (-0.5 g) or sediment samples (up to 150 g) with accel- 
erated solvent extraction (ASE) or Soxhlet systems (e.g. Wi- 
esenberg et al. 2004). In the method described for instance 
by Zech & Glaser (2008), an azeotropic methanol/toluene 
mixture (7/3) is used as solvent and deuterated n-tetracosane 
(d 50 -n-C 24 ) as internal standard. The extracts are concen- 
trated and co-eluted esters are saponified with 0.5M KOH in 
methanol. Purification of the n-alkane fraction is performed 
on aluminium oxide/silica gel columns (both 5% deactivated) 
with hexane/toluene (85:15) as eluent. After concentration of 
the hydrocarbon fraction using rotary evaporation, deuter- 
ated n-eicosane (d 42 -n-C 20 ) is added as recovery standard and 
the n-alkanes are quantified by injection into an HP 6890 GC 
equipped with a flame ionization detector (FID). Fig. 4 illus- 
trates exemplarily a GC-FID n-alkane chromatogram for a 
loess sample from the 'Crvenka' LPS, Serbia. 

Although the n-alkane biomarker method itself is known 
already for many decades, it is applied to LPS only relatively 
recently (Liu & Huang 2005; Zhang et al. 2006; Bai et al. 
2009). Zech et al. (2008a) pointed out that the n-alkane pat- 
terns change over time and that a correction procedure is 
necessary to account for this degradation effect and to avoid 
deceptive interpretations when reconstructing vege-tation 
changes from sedimentary n-alkanes. Two correction proce- 
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Fig. 4: GC-FID n-alkane chromatogram for a loess sample from Crvenka, Serbia. The highest abundance ofnC 31 indicates a former vegetation cover domi- 
nated by grasses; the relatively higher abundance ofnC 27 , nC 29 , nC 31 and nC 33 compared to nC 26 , nC 28 , nC 30 and nC 32 is called odd-over-even predomi- 
nance (OEP) and indicates little degradation. 

Abb. 4: GC-FID n-Alkan-Chromatogramm fur eine Lossprobe aus dem Profil Crvenka, Serbia. Die Dominanz des Alkans nC 31 belegt, dass diefruhere 
Vegetation uberwiegend aus Grasern bestand; das stdrkere Auftreten von nC 27 , nC 29 , nC 31 und nC 33 verglichen mit nC 26 , nC 28 , nC 30 und nC 32 bezeichnet 
man als odd-over-even predominance (OEP) und ist charakteristisch fur wenig stark degradiertest pflanzliches Ausgangsmaterial. 
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dures have meanwhile been suggested, both of which em- 
ploy the odd over even predominance (OEP) as degradation 
index (Zech et al. 2009a; Buggle et al. 2010). 

Case study: Vegetation reconstruction in the Carpathian 
Basin 

Based on pollen findings it is widely assumed that tree-less 
tundra expanded vast areas of Europe during glacial periods. 
For the Carpathian Basin, this traditional paradigm of tree- 
less full glacial (stadial) paleoenvironments has first been 
called into question by fossil charcoal and malacological evi- 
dence from Hungarian LPSs (Willis et al. 2000; Rudner & 
Sumegi 2001). The studies of Schatz et al. (2011) and Zech et 
al. (2009a) were initiated to contribute to the discussion about 
"trees or no trees?" (Willis & Andel 2004) from an n-alkane 
biomarker perspective. In order to estimate the percentage 
contribution of n-alkanes (trees versus grasses) to the Crven- 
ka LPS in Northern Serbia, Zech et al. (2009a) proposed an 
end member modelling approach based on modern reference 
samples. This approach is illustrated exemplarily for the n- 
alkane ratio (nC 31 +nC 33 )/(nC 27 +nC 29 ) in Fig. 5A. The results, 
taking degradation effects into account, allowed the authors 
to infer that grasses always dominated during the whole last 
glacial cycle, but that a small contribution of trees is likely 
during the glacial periods and the Holocene. Note that the 
accuracy of the n-alkane biomarker method is limited by the 
scattering of the modern datasets for grasslands and forests 
(Fig. 5A). This large interspecie variability can be attributed 



for instance to leaf and needle aging (Prugel et al. 1994) 
or to environmental stress (Shepherd & Griffiths 2006). 
Fig. 5B illustrates that this can result in 'negative' tree cover 
percentages. Yet the modelling results for several relevant n- 
alkane ratios [(nC 31 +nC 3 3)/(nC 27 +nC 29 ), nC 31 /nC 27 , nC 33 /nC 27 , 
and nC 31 /nC 29 )] all reveal very similar and systematic shifts, 
which increases the confidence that degradation-corrected 
n-alkane patterns can be used to reconstruct past changes 
in vegetation. Accordingly, the n-alkane biomarker results 
of both Schatz et al. (2011) and Zech et al. (2009a) provide 
additional evidence challenging the paradigm of treeless full 
glacial paleoenvironments. 

The reliability of n-alkanes as well as most other biomar- 
kers as proxies in loess-paleosol sequences depends on the 
absence of strong post-sedimentary overprinting of the 
original organic matter signal. We highly acknowledge ef- 
forts aiming at quantifying such effects and point to stud- 
ies published by Gocke et al. (2010) for rhizoliths in loess. 
The authors found that the n-alkane patterns of rhizolith 
organic matter are dominated by nC 31 (Gocke et al. 2010, 
Fig. 6), Although this is not typical for above-ground lipids 
from most trees and shrubs but for grasses, the authors fa- 
vor post-sedimentary incorporation of root-derived orga-nic 
matter in loess. Further studies should therefore firstly ad- 
dress n-alkane concentrations in roots as the latter are as- 
sumed to be very low compared to above-ground litter; sec- 
ondly, datasets for modern reference n-alkane patterns from 
roots, lacking so far, should be established. And thirdly, we 
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Fig. 5: A) End member modelling approach for the n-alkane ratio (nC 31 +nC 33 )/(nC 27 +nC 29 ). Based on modern plant and soil n-alkane ratios, degradation 
lines are calculated using the OEPs as degradation proxy. The percentage of trees and grasses contributing to a loess-paleosol sample is estimated by the 
quotients b/c and a/c, respectively. B) Pedostratigraphy of the Crvenka LPS in Northern Serbia and modelling results for the contribution of tress and 
grasses (adopted from Zech et al. 2009a). 

Abb. 5: A) End Member Mo dell fur das n-Alkanverhaltnis (nC 31 +nC 33 )/(nC 27 +nC 29 ). Basierend auf n-Alkanverhaltnissen von rezenten Pflanzen und Bo- 
den werden Degradationslinien ermittelt. Die OEP-Werte dienen dabei als Proxy fur den Degradationsgrad. Die Anteile von Baum- bzw. Gras-n-Alkanen 
zu einer LPS-Probe lassen sich anhand der Quotienten b/c bzw. a/c abschatzen. B) Pedostratigraphie derLPS Crvenka in Nordserbien und Modellierungs- 
Ergebnisse fur die Anteile von Baumen im Vergleich zu Grasern (aus Zech et al. 2009a). 
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highly encourage further investigations especially applying 
compound-specific 14 C-dating of different biomarkers in LPS 
for which independent and high resolution luminescence 
dating of the sedimentary history is available. 

3.2 Amino acid racemization 

Amino acids, mainly bound in proteins, constitute an impor- 
tant N-pool in soils (Amelung 2003). They are no bio-markers 
sensu strictu, because they do not originate from specific or- 
ganisms. However, they may provide valuable insights in the 
aging of soil organic matter (SOM) and past temperatures. 
Amino acids contain a chiral C-atom, and they can there- 
fore occur either in the left-handed form (L-enantiomer) or 
in the right-handed form (D-enantiomer). Living organisms 
primarily produce L-amino acids, but the D-enantiomers are 
then formed during racemization - an abiotic process that is 
mainly time-, temperature- and pH-dependent (Bada 1985) 
(Fig. 6). It has therefore been suggested that D/L-ratios of 
amino acids can be used for dating. Mahaney & Rutter 
(1989), for instance, found the D/L-ratio of aspartic acid to 
be a suitable geochronometer in buried soils. For the last 15 
years, amino acid geochronology in loess research was main- 
ly based on measuring the ratio alloisoleucine/isoleucine in 
fossil gastropod shells and was successfully used to distin- 
guish between loess from different glacial cycles (Zoller 
et al. 1994; Oches & McCoy 2001; Novothny et al. 2009). 
Principally, of course, amino acid racemization could also be 
used to reconstruct paleotemperatures, but independent age 
control needs to be available, and such applications are very 
rare so far (Kaufman 2003). 

Most geochronological studies have focussed on amino acids 
in fossil gastropod shells, based on the notion that these like- 
ly provide the best 'closed systems' available, i.e. that post- 
depositional amino-acid losses or contamination are mini- 
mal (Penkman et al. 2008). Amelung & Zhang (2001), how- 
ever, also proposed a method for determining amino acid 
enantiomers in bulk soil samples. Sample preparation com- 
prises pre-extraction of free and water-soluble amino acids, 



hydrolysis of protein-bound amino acids, purification over 
columns (Dowex W X8), and derivatization. Quantification 
is carried out using GC-MS. As racemization is known to be 
catalysed by low pH and high temperatures, conditions that 
are also applied during hydrolysis, Amelung & Brodowski 
(2002) quantified the hydrolysis-induced racemization using 
deuterium labelling. They show that less than 10% of D-Asp 
and D-Lys were formed during the analytical procedure in 
environmental samples older than 3000 years. Hence, Ame- 
lung (2003) suggested that aspartic acid (asp) and lysine 
(lys) are the most suitable amino acids for dating purposes 
in soils. 

Case study: Temperature reconstruction in Siberia 

Zech et al. (2008b) applied the method of Amelung & Zhang 
(2001) to 10 selected samples from a Siberian permafrost LPS 
('Tumara'), which probably comprises the last two glacial 
cycles. For details concerning the (chrono-) stratigraphy, the 
geochemical, the isotopic and the biomarker characterization 
of this sequence the reader is referred to Zech et al. (2007; 
2008b; 2010a). In brief, dark organic-rich paleosols alternate 
with brown and more intensively mineralised and weath- 
ered paleosols (Fig. 7). Based on numeric dating results and 
a multi-proxy approach, the dark units B, C2 and D are cor- 
related with glacial periods, whereas the brown units A, Cl, 
C2 and E are correlated with interglacial/-stadial periods. 
The D/L ratios obtained for aspartic acid (asp) and lysine 
(lys) are plotted versus depth in Fig. 7 and can be roughly de- 
scribed by exponential fits. In addition, the brown units are 
generally characterized by higher ratios than the dark grey 
units. Nevertheless, D/L ratios overall increase with depth 
and reveal that the apparent racemization rates are smaller 
for lysine than for aspartic acid (the latter having higher D/L 
ratios). This is in agreement with findings from Amelung 
(2003), who furthermore emphasised that lysine racemiza- 
tion rates are more or less constant in different soil types. 
Given that the soil pH reveals only minor variations ranging 
from 7 to 8 throughout the whole profile, temperature and 
time can be assumed to be the main factors controlling the 
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Fig. 6: Principle of amino acid geochronology: A) Time- and temperature-dependent racemization reaction. B) Exponential functions describing the time-de- 
pendency of racemization; tl/2 = half-life time, L0 = initial amount of L-enantiomers, D/L = ratio ofD- to L-enantiomers (from Wagner 1998, p. 342, Fig. 142). 

Abb. 6: Prinzip der Aminosaure-Geochronology: A) Die zeit- und temperaturabhangige Gleichgewichtsreaktion der Razemisierung. B) Exponentielle Funk- 
tionen die die Zeitabhangigkeit der Razemisierung beschreiben; tl/2 = Halbwertszeit, L0 = Anfangsgehalt des L-Enantiomers, D/L = Verhaltnis von D- zu 
L-Enantiomeren (aus Wagner 1998, Seite 342, Abb. 142). 
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amino acid racemization. Consequently, Zech et al. (2008b) 
suggest that the higher D/L ratios that characterize the 
brown Units A, Cl and C3 are primarily the result of higher 
temperatures during formation of the respective paleosols. 

Based on these results, we see high potential for the 
amino acid racemization method to provide a paleotem- 
perature proxy in LPS. A high sampling resolution might 
also help depicting sedimentary hiatuses, which should 
yield abrupt increases of the D/L ratios with depth. Unfor- 
tunately, the described method is relatively laborious and 
will require some further optimisation, particularly for the 
application to organic-poor loess samples. An important 
step would probably be already made when using a HPLC 
instead of a GC system, because that will supersede the 
derivatization step. 



3.3 GDGTs 



Over the last few years, several new proxies have been pro- 
posed based on GDGTs (Fig. 8), membrane lipids of Archaea 
and Bacteria. The exact chemical composition of the GDGTs 
is thought to reflect adjustments of membrane permeability 
and fluidity to environmental conditions (e.g. pH and tem- 
perature). Thus the analyzes of GDGTs may offer interest- 
ing, new approaches to quantitatively reconstruct past cli- 
mate and environmental variability from various geological 
archives. The TEX 86 , for example, is a new paleotemperature 
proxy based on the cyclicity of isoprenoid GDGTs, which 
are mainly derived from Archaea living in oceans and lakes 
(Schouten et al. 2002; Kim et al. 2008; Powers et al. 2010). 
Although it has meanwhile been found that isoprenoid 
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Fig. 7: Stratigraphy and tentative chronostratigraphy of the Tumara LPS, NE-Siberia. D/L-ratios for Asp andLys increase with depth, reflecting the time 
dependency of the racemization. Higher ratios in the brown units compared to lower ratios in the dark units are suggested to reflect the temperature de- 
pendency of amino acid racemization (from Zech et al. 2008b). 

Abb. 7: Stratigraphie und Chronostratigraphie derLPS Tumara, NO-Sibirien. D/L-Verhaltnisse fur Asp andLys werden mit zunehmender Tiefe weiter. Dies 
spiegelt die Zeitabhangigkeit der Razemisierung wider. Weitere Verhaltnisse in den braunen Palaoboden verglichen mit den dunklen Paldoboden lassen sich 
mit der Temperaturabhangigkeit der Razemisierung erklaren (aus Zech et al. 2008b). 
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GDGTs also occur in soils, another proxy, the BIT (branched 
versus isoprenoid GDGTs), has been suggested to allow the 
quantification of terrestrial versus autochthonous organic 
matter in lacustrine and marine sediments (Schouten et al. 
2002). This index is further based on the original assump- 
tion that branched GDGTs are only derived from soil-thriv- 
ing bacteria. Meanwhile, however, it has been found that 
branched GDGTs are also produced within the water col- 
umn of oceans and lakes (Blaga et al. 2009; Peterse et al. 
2009a; Bechtel et al. 2010; Tierney et al. 2010), which war- 
rants caution when interpreting the BIT and TEX 86 indices. 

The branched GDGTs, which are presumably derived from 
yet unknown anaerobic, heterotrophic soil bacteria (Weijers 
et al. 2010), may be promising biomarkers for loess-paleosols 
research. An empirical study based on 134 soil samples from 
90 globally distributed locations has shown that branched 
GDGTs vary in their degree of cyc-lisation and methyla- 
tion (expressed as CBT and MBT, i.e. cyclisation and meth- 
ylation index of branched tetraethers) depending on soil pH 
(R 2 = 0.70) and mean annual air temperature (MAAT, R 2 = 
0.82) (Weijers et al. 2007). Local calibration studies along 
altitudinal transects at Mt. Kilimanjaro, Tanzania, and Mt. 
Gongga, China, have meanwhile corroborated the suggested 
pH and temperature dependency of the CBT/MBT indices 
(Schouten et al. 2002; Peterse et al. 2009b). The analysis of 
branched GDGTs in lake and ocean sediments might there- 



fore provide a valuable, new proxy for catchment -wide pH 
and MAAT reconstructions, provided that they are derived 
from eroded soils only. As mentioned above, however, there 
is evidence that branched GDGTs are also produced auto- 
chthonously in lakes and oceans, which prevents robust 
interpretation of the CBT and MBT indices in respective 
studies thus far. Surpri-singly, to our knowledge, no studies 
have been published yet applying the CBT/MBT indices for 
paleoenvironmental reconstructions in loess-paleosols. 

The analysis of GDGTs comprises (i) lipid extraction 
from typically freeze-dried soil or sediment samples (5-50 
g depending on abundance), (ii) separation into the apolar 
and polar (containing the GDGTs) fraction over a A1 2 3 col- 
umn using e.g. hexane:dichloromethane (DCM) (9:1) and 
DCM:Methanol (1:1), and (iii) filtering, prior to quantifi- 
cation of the various GDGTs by HPLC/atmospheric pres- 
sure chemical ionization-mass spectrometry (APCI-MS). 
So-called selective ion monitoring allows detecting specific 
molecular masses, i.e. specific GDGT molecules (Fig. 8). 

Case studies: Application of GDGT indices to the Tumara 
LPS, Siberia, and Crvenka LPS, Serbia 

The first case study presents GDGT results from the Tu- 
mara LPS (Fig. 9). The BIT indices are generally high 
(>0.84), which is in agreement with the notion that 
branched GDGTs are mainly derived from soil-thriving 
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Fig. 8: Chemical structures of the branched GDGTs (left), and total and selective ion mass [M+H]+ chromato grams for a soil sample (modified after Weijers 
et al. 2007). 

Abb. 8: Chemische Strukturen fur verzweigte GDGTs (links), und Chromato gramme fur die Gesamtmasse bzw. einzelner Massen [M+H]+fiir eine Boden- 
probe (abgeandert nach Weijers et al. 2007). 
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Fig. 9: Pedostratigraphy of the Tumara LPS, NE-Siberia, GDGT indices MBT, CBT and BIT, and reconstructed temperatures and soil pH. While the recon- 
structed relative inter glacial- glacial temperature variability in the upper 7 m of the profile is in agreement with the expected temperature variability 
derived from the chronostratigraphy, reconstructed temperatures for the presumably penultimate glacial Unit D seem to be too high. 

Abb. 9: Pedostratigraphie derLPS Tumara, NO-Sibirien, GDGT Kennzahlen MBT, CBT und BIT, sowie die rekonstruierten Temperaturen und Boden pH- 
Werte. Wahrend die rekonstruierten relativen inter glazial-glazial Temper aturschwankungen in den oberen 7 Metern des Profils der Chronostratigraphie 
ubereinstimmen, scheinen die rekonstruierten Termperaturen im vorherigen, alteren Glazial zu hoch zu sein. 



bacteria. The MBT indices range from 0.08 to 0.32, and 
the CBT ranges from 0.24 to 0.95. This translates into re- 
constructed MAAT between -8.7 and 3.8°C, and soil pH 
between 6.3 and 8.1. 

Replicate measurements of a soil standard ("Yong- 
song's garden") throughout the course of the measure- 
ments indicate laboratory precision of 0.2°C for MAAT, 
and 0.01 for pH. However, much higher uncertainties 
regarding the accuracy of the reconstructed parameters 
may arise for several reasons: 

(i) The reconstructed temperatures for the Tumara LPS are 
partly well below 0°C and thus beyond the lowest values in 
the global calibration data set. Although a recent study in 
Svalbard indicates that mean annual air temperatures be- 
low 0°C may be successfully reconstructed using branched 
GDGTs (Peterse et al. 2009a), comparison of our upper- 
most sample (-1.7°C) with estimated MAAT of ~-15°C sug- 
gests a significant positive bias. At this stage, we can only 
speculate that the observed discrepancy might be due to 
seasonal (summer) growth of the soil bacteria, differences 
between MAAT and soil temperatures, or other unknown 
methodological shortcomings. 

(ii) Analytical challenges regarding the new proxies 
have become evident, because one of the target compounds 
(m/z 1050, III in Fig. 10a), which is generally characterized 



by a minor "contamination" shoulder on the right side, 
turned out to be dominated by that "contamination" (com- 
pound III, probably an isomer of III (Weijers et al. 2010)). 
When coupling two HPLC columns to achieve better peak 
separation, it is possible to quantify the two compounds 
individually (Fig. 10b, Y. Huang, pers. comm.). However, no 
calibration studies are available yet that take the separated 
compounds into account. Moreover, other target peaks al- 
so turned out to consist of multiple, yet unidentified com- 
pounds. Clearly, further research is necessary to improve 
compound separation and identification. 

(iii) There are two other effects that might constrain 
the applicability of GDGT-based reconstructions in loess- 
paleosols, which we refer to here as "changing community 
effect" and "growth depth effect": The first one addresses 
the possibility that changes in the GDGT-producing bacte- 
rial communities could result in changes in the structural 
composition of the membrane lipids without necessarily 
reflecting changes in environmental conditions. In that 
sense, as long as the GDGT-producing organisms are not 
identified, cultured and tested individually, we have to rely 
on empirical calibration studies as they exist today even 
if they do not fully capture all possible factor affecting 
GDGD distributions. 
The "growth depth effect" has to do with the fact that we 
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still know very little about the soil bacteria's ecology, in- 
cluding for example the soil depth at which the bacteria 
thrive and produce GDGTs. A non-negligible subsurface 
production of GDGTs could thus result in an overprint of 
'older' paleo-environmental signals at depth. The growth 
depth effect might limit the temporal resolution of recon- 
structions, mute the variability of the real signal, and ren- 
der 'absolute' reconstructions very challenging from loess- 
paleosols LPS. 

With these methodological limitations in mind, the in- 
terpretation of paleo-data should be very cautious. Our 
first case study from Siberia shows that Unit A and C, 
which were most likely deposited during the Holocene and 
the Eemian, respectively, are characterized by higher re- 
constructed temperatures than the glacial Unit B (Fig. 9). 
Although the absolute MAAT are likely overestimated sys- 
tematically, the glacial-interglacial temperature difference 
of ~10°C is reasonable. One could also speculate that the 
last glacial pattern is real, with coldest conditions during 
Marine Isotope Stage (MIS) 2 and 4 and slightly warmer 
conditions during MIS3. Surprising features, however, are 
(i) relatively warm conditions during MIS 2 compared to 
MIS4, (ii) Unit C not displaying a commonly expected tem- 
perature peak maximum for MIS5e (Unit C3, Fig. 9), and 
(hi) 'too warm' reconstructed temperatures for the penul- 
timate glacial Unit D. Provided that the presented chronos- 
tratigraphy of the Tumara LPS is correct, our results sug- 
gest that the growth depth effect might have overprinted 
and muted the paleo-signals, i.e. warm conditions during 
the Holocene are now overprinting the cold MIS 2 signal, 
and the very warm conditions during the Eemian have al- 
lowed GDGT-producing bacteria at depth to strongly affect 
the record below 5 m depth. 

In our second case study for GDGTs, unpublished data 
from the Crvenka LPS (Fig. 11), pose similar challenges to 
a robust interpretation of GDGT indices. Here, the topsoil 
samples show reconstructed MAAT of ~15°C, which is in 
reasonable agreement with estimated MAAT of 11°C, al- 
though with a slight bias to too high temperatures. Subsur- 
face samples reach 20°C reconstructed temperatures, which 
might indeed reflect warmer conditions during the mid- 



Holocene optimum. However, reconstructed temperatures 
remain very high in the underlying MIS 2 loess (V LlLl). 
As above, we speculate that this might reflect that GDGTs 
were produced during the Holocene at depth and thus 
overprinted the cold, glacial signal. While reconstructed 
temperatures drop to values as low as ~4°C deeper in the 
profile, which would be reasonable in terms of expected 
glacial-interglacial temperature variability, reconstruc- 
ted lowest temperatures also characterize the interglacial 
Eemian paleosol V Si, although the latter should be cha- 
racterized by highest temperatures. Is this again due to the 
growth depth effect? Or does this indicate other methodo- 
logical shortcomings that are not yet fully understood? 
In summary, we advise caution when interpreting GDGT- 
derived proxies from LPS. GDGT analyzes are a promis- 
ing new tool for paleoclimate reconstruction, but there are 
many yet unresolved questions that need to be addressed 
before robust conclusions can be inferred from respective 
proxies. 

3.4 Compound-specific 5D-analyzes of n-alkanes 

As discussed earlier, both 6D and 6 18 have a high potential 
for paleoclimatic reconstructions. Albeit with certain bio- 
synthetic fractionation factors, plant photosynthetic prod- 
ucts incorporate the isotopic climate signal of precipitation, 
because their 6D values are related to the source water 6D 
values (Sternberg 1988; Sessions et al. 1999; Sauer et al. 
2001; Sachse et al. 2004). During soil organic matter forma- 
tion, this climate signal is also inherited by soils. However, 
changing soil organic matter pool sizes (e.g. lipids, lignin, 
cellulose) and isotopic exchange reactions in soils and sedi- 
ments have prevented the simple use of bulk analyzes (Bal- 
abane 1983). 

One approach to overcome at least the latter problem is to 
equilibrate bulk samples in water with known isotopic com- 
position, and then to correct for the exchange reactions af- 
ter bulk measurements via TC/EA-IRMS (Ruppenthal et al. 
2010). Yet technical improvements now also allow a more el- 
egant and more specific approach, namely determining the 
isotopic composition of individual biomarkers by coupling 
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Fig. 10: Total ion chromatogram of one of the Siberian samples, illustrating the existence of two isomers III and III* for m/z 1050. A) Standard chromato- 
gram and B) chromatogram with improved peak separation. 

Abb. 10: Beispielfilr ein HPLC Chromatogramm der siberischen Proben. Es zeigt das Vorhandensein von zwei Isomeren mit der Massenzahl m/z 1050 (III 
und III*). A) Standardchromatogramm und B) Chromatogramm mit verbesserter Peak-Trennung. 
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Fig. 11: Pedostratigraphy of the Crvenka LPS in Northern Serbia, GDGT indices MBT, CBT and BIT, and reconstructed temperatures and soil pH. Similar 
to the Tumara LPS, reconstructed GDGT temperatures are not always in agreement with what can be expected from the chrono stratigraphy, e.g. lowest 
reconstructed temperatures coincide with the presumably last inter glacial Eemian soil V Si. Possibly, the "growth depth effect" prevents a simple interpre- 
tation of GDGT proxies in LPSs. 

Abb. 11: Pedostratigraphie derLPS Crvenka in Nordserbien, GDGT Kennzahlen MBT, CBT und BIT, und rekonstruierte Temperaturen und Boden pH- 
Werte. Ahnlich wie bei derLPS Tumara, stimmen die rekonstruierten GDGT-Temperaturen nicht immer mit der Chrono stratigraphie uberein. Insbesonde- 
re uberraschen die fiir den vermutlich letzt-interglazialen Eemboden VSl rekonstruierten niedrigen Temperaturen. Eine einfache Interpretation der neuen 
Proxies in LPS ist mbglicherweise durch das Wachstum von GDGT-produzierenden Archaebakterien in tieferen Bodenschichten erschwert. 
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Fig. 12: Principle of compound-specific 8D- and 8 18 0-analysis ofbiomarkers using GC-Py-IRMS. Biomarkers eluting successively from the GC-column are 
converted "online" in a pyrolysis reactor to hydrogen (H 2 ) and carbon monoxide (CO) and the isotopic composition of these gases are determined directly 
in a coupled IRMS. 

Abb. 12: Prinzip der substanz-spezifischen 8D- und 8 18 0-Analytik von Biomarkern mittels GC-Py-IRMS. Die nacheinander von der GC-Saule eluierenden 
Biomarker werden im 'online' Verfahren in einem Pyrolysreaktor in Wasserstoff- (H 2 ) und Kohlenmonoxid-Gas (CO) umgewandelt. Die Isotopenzusam- 
mensetzung dieser Gase wird in einem direkt gekoppelten IRMS gemessen. 



of GC and IRMS via an 'online' pyrolysis reactor (Py) (Bur- 
goyne & Hayes 1998; Hilkert et al. 1999) (Fig. 12) 

With this new tool at hand, compound-specific 6D be- 
came a popular paleoclimate proxy (Liu et al. 1999; Huang 
et al. 2004; Sachse et al. 2004; Xie et al. 2004; Pagani et al. 
2006; Mugler et al. 2008). Plant-derived n-alkanes are prob- 
ably the most useful biomarkers to target, because they 
are well-preserved in sediments and soils (Lichtfouse et 
al. 1998), and because their alkyl hydrogen atoms are less 



prone to exchange reactions compared to other biomarkers 
(Sessions et al. 2004; Pedentchouk et al. 2006; Dawson et 
al. 2007). 

Of course, ultimately, one has to take into account that 
evaporative enrichment of soil and plant water, as well as 
biosynthetic fractionation are also important factors con- 
trolling the isotopic signature of the targeted biomarker 
(Schmidt et al. 2001; Liu et al. 2006; Smith & Freeman 2006; 
Barbour 2007; Hou et al. 2007; Feakins & Sessions 2010). 
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Two case studies: Paleoclimate reconstructions from Tu- 
mara and Crvenka 

To our knowledge, the first and only application of com- 
pound-specific 6D analyzes of n-alkanes to a LPS was car- 
ried out by Liu & Huang (2005) on the Chinese Loess Pla- 
teau. We will here present two case studies based on own da- 
ta to illustrate the methodological potentials and limitations. 
The first case study aimed at more quantitative temperature 
reconstruction for the Tumara LPS in Northeast Siberia 
(Zech et al. 2010b). The 6D records of all three n-alkanes 
that had sufficient concentration for the 6D measurements 
(nC 27 , 29 and 31 ) show very similar patterns along the -240 ka 
profile (Fig. 13). The authors therefore concluded that veg- 
etation changes, which have been reconstructed for Tumara 
employing n-alkane patterns and pollen analyzes (Zech et 
al. 2010a) did not play a dominant role for the isotopic signal. 
The mean 6D record can thus be interpreted to reflect past 
changes in the isotopic composition of soil water, which in 
turn dominantly reflects temperature at high latitudes. More 
negative values (-280% o ) characterize the organic-rich Units 
B, C2 and D, which confirms our earlier interpretation that 
those units were deposited during cold, glacial conditions. 
More positive values (>-250% o ) characterize the Units A, Cl, 
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Fig. 13. Stratigraphy, organic carbon content (C org ) and 8D measured on 
the n-alkanes nC 27 , nC 29 and nC 31 (in blue, red and green; the mean value 
is displayed in grey) from the Tumara LPS. More negative SD-values are 
interpreted to reflect colder paleotemperatures. Correlation with marine 
isotope stages (MIS) is shown to the right (Zech et al. 2010b). 

Abb. 13. Stratigraphie, organischer Kohlenstoffgehalt (C org ) und ermittelte 
SD-Wertefur die n-Alkane nC 27 , nC 29 und nC 31 (in blau, rot und grixn; Mit- 
telwerte in grau) derLPS Tumara. Starker negative SD-Werte lassen sich 
mit kalteren Palaotemperaturen erklaren. Die Korrelation mit den Marinen 
Isotopen Stadien (MIS) ist rechts dargestellt (aus Zech et al. 2010b). 



C3 and E, which is in agreement with deposition during 
warm, interglacial periods. 

Zech et al. (2010b) note that a correction could be applied 
for the fact that the glacial oceans and thus precipitation be- 
came more positive (~8% , the global ice volume effect). This 
would increase the glacial-interglacial differences in the in- 
vestigated record, but would require a more robust age con- 
trol than the one being at hand. Another cautionary note is 
that changing evaporation might also have affected the pre- 
sented record. Zech et al. (2010b) suggested that evaporation 
effects are probably only of second-order importance at this 
site because of the low temperatures. Assuming that evapo- 
ration had a measurable effect, it should have led to isotopic 
enrichment during the more arid glacial periods. This might 
in fact explain the slightly smaller glacial-interglacial range 
in 6D (~30% o ) compared to respective ranges in ice core re- 
cords (up to 50%o). 

Our second case study presents unpublished 6D data for 
Crvenka. The n-alkanes C 29 and 31 were most abundant in 
the samples and therefore targeted for the 6D measurements. 
Overall, the two records mostly track each other reasonably 
well (Fig. 14), although the measurement precision of 3.1 and 
2.9% for the external standards nC 27 and C 29 , respectively 
(run during the course of the whole measurement period), 
as well as mean standard deviations of 1.5 and 1.2% for the 
triplicate measurements of the samples indicate that some of 
the differences between 6D C 29 and C 31 may be real. One may 
speculate that C 29 and C 31 derive proportionally from distinct 
plant species being to a greater or lesser extent sensitive to 
evaporative 6D enrichment. However, for the purpose of this 
review, we will discuss primarily the broad, common patterns 
('SD mean' in Fig. 14). 

The first feature we would like to draw the attention to is the 
~10% o drop in 6D from the Holocene (~-200% o ) to the MIS2 
loess V LlLl. As above, correction for the global ice volume 
effect would increase this difference, but still the difference is 
much less than what one would expect from a high to mid- 
latitude temperature signal alone. For compa-rison, the 6D 
record from Vostok, Antarctica, is plotted in Fig. 14. One pos- 
sible explanation might be that the soil water was isotopically 
enriched during glacials due to more arid conditions (or more 
precisely a higher ratio of evaporation to precipitation). In 
fact, many oxygen records from the Mediterranean region, 
including e.g. the Soreq and Piqiin cave speleothems in Israel 
(Bar-Matthews et al. 2003) show more enriched values (Fig. 
14), which was originally interpreted to document more arid 
conditions (Roberts et al. 2008). However, doubts concerning 
this interpretation arose from lake level reconstructions of 
Lake Lisan, a glacial freshwater lake occupying the Dead Sea 
region (Lisker et al. 2009). As it turned out, the speleothem 
oxygen isotope records mainly followed the isotopic signal 
of the Mediterranean Sea, which serves as water source for 
regional precipitation and shows a pronounced enrichment 
during glacials (>3%) (Bar-Matthews et al. 2003; Almogi- 
Labin et al. 2009). This 'source effect' (translating into -25 % 
glacial-interglacial difference in 6D of regional precipitation) 
is likely responsible for off-setting the expected temperature 
signal at Crvenka at least to some degree. Additionally, past 
changes in atmospheric circulation patterns and thus chang- 
ing moisture source areas might have affected our record, 
though this effect is difficult to quantify. 
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It should be acknowledged at this point, that a detailed, 
robust deconvolution of all these factors is not trivial. Ne- 
vertheless, we would like to point to a second interesting 
feature of our record. The temperature difference between 
the Holocene and the Eemian basically accounts already 
for the differences in alkane 5D. This might indicate that 
the Mediterranean source water effect, from which one 
would infer more positive isotope values during the Ho- 
locene, was offset by other factors, for example differences 
in aridity. If correct, this might document that the Eemian 
was more arid than the Holocene, an interpretation that 
would be in good agreement with the alkane patterns that 
have been used (further above) to infer more grass vegeta- 
tion (steppe) during the Eemian. 

We summarize that 6D records from alkanes in LPS pro- 
vide valuable information about past climatic and environ- 
mental changes, but that deconvolving the various factors 
influencing 6D can be challenging. Apart from tempera- 
ture, changes in precipitation, atmospheric circulation pat- 
terns and source effects should be taken into consideration. 



3.5 Compound-specific 5 18 0-analyzes of 
monosaccharides 

Similar to deuterium, the 18 concentration in precipitation 
depends on climatic factors and therefore has high poten- 
tial as paleoclimate proxy in appropriate archives. Likewise, 
however, bulk soil or sediment isotope analyzes using TC/ 
EA-IRMS have the disadvantage that many different inor- 
ganic (carbonates, water from clay minerals) and organic 
pools contribute to the pyrolytically produced CO, which 
hence represents a mixed signal (see Fig. 3). Furthermore, 
not all oxygen pools in soils have a climate signal incorpo- 
rated, as for instance oxygen in lignin does not derive from 
water, but from the atmosphere (Schmidt et al. 2001). 

In loess research, attempts have been made to obtain 6 18 
records from pedogenetic carbonates, mollusc shells, and 
crystal water in clay minerals (Kuleshov & Gavrilov 2001; 
Pustovoytov & Terhorst 2004). However, in contrast to 
carbonates from stalagmites, it is much more difficult to get 
well dated and continuous records, with potential recrystal- 
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Fig. 14: Stratigraphy and 8D ofnC 29 and nC 31 from the Crvenka profile, compared to the 8D record from Vostok and the 8 18 record from the Soreq/Piqiin 
speleothems (scaled to reflect respective 8D changes based on the meteoric water line). Many factors, such as temperature, changes in precipitation, atmos- 
pheric circulation patterns, source effects and evaporative isotopic enrichment, need to be considered for the interpretation of the LPS SD-values. 

Abb. 14: Stratigraphie und SD-Werte der n- Alkane nC 29 und nC 31 derLPS Crvenka. Im Vergleich dazu die SD-Kurve des Vostok Eisbohrkerns und die 8 18 0- 
Kurve der Soreq/Piqiin Spelaothemen (umgerechnet auf entsprechende SD-Werte anhand der Meteoric Mater Line). Zahlreiche Faktoren, z.B. Temperatur, 
Niederschlagsmenge, Veranderungen der atmosharischen Zirkukation, Quell-Effekte und Isotopenanreicherung durch Verdunstung mussen bei der Inter- 
pretation derLPS SD-Ergebnisse beriicksichtigt werden. 
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lisation presenting a major challenge. An alternative, more 
elegant approach might be to employ again compound-spe- 
cific isotope methods (Fig. 15). 

It is well known, for example, that hexoses (glucose, man- 
nose and galactose), deoxyhexoses (fucose, rhamnose) and 
pentoses (xylose, arabinose) are plant and microbial biomar- 
kers in soils (Gross & Glaser 2004; Sauheitl et al. 2005; 
Jia et al. 2008). Plant-derived monosaccharides could thus be 
measured in soils and sediments via GC-Py-IRMS (Fig. 15). 
Although the instrumental coupling of GC-Py-IRMS is com- 
mercially available for about 10 years, this method has hard- 
ly been adopted by researches so far (Hener et al. 1998; Jung 
et al. 2005; Jung et al. 2007; Greule et al. 2008). We think 
that the following 6 18 method may be most promising for 
loess research in the near future. More details are described 
in Zech & Glaser (2009): 

- hydrolytic extraction of cellulose- or hemicellulose-de- 
rived neutral sugars, such as glucose, xylose, arabinose, fu- 
cose and rhamnose from soils/sediments 

- purification of the monosaccharides using XAD- (remo-val 
of organic contaminants) and Dowex- (cation exchange 
resins)-columns 

- derivatization of the monosaccharides in order to make 
them GC-amenable 

- GC-separation of the individual monosaccharide-deriva- 
tives 

- 'online' pyrolysis of the GC-eluates and quantitative con- 
version into carbon monoxide 

- 'online' 6 18 0-determination for the CO in the IRMS. 



As quality tests during the measurements, the authors re- 
commend to regularly (i) co-analyze not only the masses 
m/z 28 and 30 (C 16 and C 18 0, respectively), but also the 
masses m/z 44 and 46 (C 16 2 and C 16 18 0) in order to mini- 
mize isotope fractionation effects due to not quantitative 
CO-production (ii) co-analyze n-alkanes in order to check 
for oxygen contamination in the system, because alkanes 
contain no oxygen atoms and must not produce CO peaks 
in the chromatograms (iii) run batches of external monosac- 
charide standards with known 6 18 signatures and varying 
concentrations in order to check for amount-effects of the 
6 18 measurements and to stick as close as possible to the 
'Principle of Identical Treatment' of samples and standards. 
Of course, when interpreting 6 18 records from LPS, one 
should keep in mind that the oxygen isotopic composition 
in plants (and preserved soil organic matter) does not only 
depend on 6 18 in precipitation/soil water, but is similar to 
5D controlled by evaporative enrichment and biophysiologi- 
cal fractionations, too (Scheidegger et al. 2000; Barbour 
2007; Cuntz et al. 2007). Nevertheless, our proposed method 
might provide valuable new proxies from LPS, which could 
be directly correlated with other 6 18 records derived for 
instance from ice-cores, stalagmites or deep-sea sediments. 
Furthermore, the combination of 5D- and 6 18 0-analyzes 
might help to assess the deuterium excess from LPS records 
and thus help to deconvolve in future the varying factors 
influencing the isotopic records. Zech & Glaser (2009) high- 
light that the new 6 18 method could potentially help to 
evaluate and improve paleolimnological and -climatic stud- 
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Fig. 15: Principle of compound-specific 8 18 analyzes of plant-derived monosaccharides in soils. Monosaccharides are released hydrolytically from a soil/ 
sediment/wood sample and derivatised after purification. The sugar-derivatives eluting successively from the GC-column are converted online to carbon 
monoxide (CO) and the 18 0/ 16 isotopic composition of the gas is measured via a coupled IRMS. 

Abb. 15: Prinzip der substanz-spezifischen 8 18 0-Analytik pflanzenburtiger Einzelzucker in Bbden. Einzelzucker werden hydrolytisch aus Boden/Sediment/ 
Holz-Proben gewonnen und nach Aufreinigung derivatisiert. Die nacheinander von der GC-Saule eluierenden Zucker-Derivate werden im ,online' Verfah- 
ren in Kohlenmonoxid-Gas (CO) umgewandelt und dessen 18 0/ 16 Isotopenzusammensetzung in einem gekoppelten IRMS gemessen. 
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ies targeting lake cellulose for 6 18 analyzes (Wolfe et al. 
2001; Wolfe et al. 2007; Wissel et al. 2008). Replacing the 
TC/EA-IRMS measurements on the extracted cellulose with 
GC-Py-IRMS measurements on the hydrolysed sugar mono- 
mers can overcome the common challenges of the current 
methods, namely purity after extraction and hygroscopicity 
of the cellulose. 

Case study: Oxygen isotopic fractionation/exchange ef- 
fects during litter decomposition? 

In a first application of the above described method, Zech 
et al. (2011) used 5 different litter species (maple, beech, ash, 
pine and spruce), which were degraded in a 27 months field 
litterbag experiment in order to evaluate isotopic de-grada- 
tion effects during litter decomposition. While the bulk 6 18 
values became systematically more negative due to relative 
mass increase of lignin (ranging from 145% in beech to 235% 
in pine litter) and relative mass decrease of (hemi-)cellulose 
(ranging from 31% in maple to 67% in ash), the compound- 
specific 6 18 values of the monosaccharides revealed no sys- 



Mean of 5 different litter species 




g. 35 



to 
> 

O 



2C 



15 



■mean of all sugars 



arabinose 

fucose 
- xylose 
-rhamnose 




-bulk sample 



5 10 15 20 25 30 

months of incubation 

Fig. 16: Mean 8 18 values for 5 litter species during degradation in a 27 
months field litterbag experiment (from Zech et al. 2011, submitted). While 
bulk litters are systematically depleted probably due to preferential deg- 
radation of cellulose (a relatively 18 enriched organic pool) compared to 
lignin (a relatively 18 depleted organic pool), 8 18 values of hemicellulose 
sugars remain virtually unchanged. This finding corroborates that oxygen 
exchange reactions and isotopic fractionation processes do not affect the 
8 18 values of sedimentary sugar biomarkers. 

Abb. 16: Gemittelte 8 18 0-Wertefiir 5 Streuproben eines 27-monatigen 
Freiland Streubeutel-Zersetzungs-Experiments (aus Zech et al. 2011, sub- 
mitted). Wahrend die Gesamtstreu vermutlich aufgrund des praferenziellen 
Abbaus von Zellulose (relativ 18 0- anger eicherter organischer Pool) gegen- 
uber bspw. Lignin (relativ 18 0-abger eicherter organischer Pool) systematisch 
isotopisch abgereichert wird, bleiben die 8 18 0-Werte der Hemizellulosen 
nahezu unverandert. Dieser Befund bestdtigt, dass weder Sauerstoffaus- 
tausch-Reaktionen noch Isotopenfraktionierungsprozesse wahrend der 
Degradation die 8 18 0-Werte der Hemizellulose-Biomarker beeintrachtigen. 



tematic trend over time (Fig. 16). This corroborates the gen- 
eral notion that isotopic signals of individual compounds are 
only negligibly affected during mineralisation, and it also 
indicates that oxygen exchange reactions of the hydroxyl- 
oxygen atoms do not occur. 

Having demonstrated the absence of degradation effects 
on the 18 0-(hemi-) cellulose proxy, ongoing work focuses 
on (i) eliminating the oxygen atom in Cl position, which is 
prone to exchange reaction during analytical procedure and 
corrected mathematically, so far, (ii) calibrating the proxy 
with appropriate sample sets from climate chamber experi- 
ments and natural climate transects and on (iii) applying the 
proxy to promising LPS. 

4 Concluding remarks 

Given the meanwhile extremely wide range of very different 
analytical tools being employed in loess research, including 
numerical dating, micromorphology, mineralogy, elemen- 
tal analysis, environmental and paleomagnetism, grain size 
analysis, and biomarker and isotope analyzes, we conclude 
that multi-disciplinary and multi-proxy approaches are most 
promising. 

We hope that our review illustrated the fascinating po- 
tential of the selected novel methods in loess research, and 
also provided an overview over the current shortcomings 
and limitations. Ongoing joint research is required to fur- 
ther develop and apply the new methods. 
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A substantially improved reconstruction of the Late Pleistocene-Holocene morphological and geological history of the Para- 
guayan Chaco and the Argentine Pampa Plain (Chaco-Pampa Plain) is presented. Due to the vast extension of the area, satellite 
images are the clue to synthesize previous and new multidisciplinary geoscientific results to set up a more reliable regional 
picture. For this synoptic view the interpretation of remote sensing data was complemented by ground investigation and physi- 
cal age determinations. Luminescence ages (75 IRSL and 12 TL) of loess, loessoids and sands were determined to reconstruct 
the climatic history of the study area in the Marine Isotopic Stages (MIS) 3 to 1. Loess deposition dominated the period prior 
to MIS 2. For MIS 2 and MIS 1 the numerical ages of lacustrine and alluvial sediments intercalating the loess provide evidence 
for alternating humid and dry periods in the Chaco-Pampa Plain. Prevailing dry climate lasted from 8.5 to 3.5 ka (middle MIS 1) 
when sandy sediments deposited as dunes or filled palaeoriver beds. Temporarily limited phases of palaeoriver activity were 
related to sporadic torrential rainfall in the Andes Mountains. 

Source regions of loess, loessoid and sandy deposits were localized in the south-western Pampa and the neighbouring Andean 
slopes and the Altiplano. These sediment were transported towards east and later northeast as reconstructed by the morpho- 
logical features and remnants of past aeolian activity periods. 

[Spatpleistozan-holozane Geschichte der Chaco-Pampasedimente in Argentinian und Paraguay] 

Eine erheblich verbesserte Rekonstruktion der spatpleistozanen/holozanen morphologischen und geologischen Geschichte des 
paraguayischen Chaco und der argentinischen Pampa Ebene wird vorgestellt. Wegen der groBen Ausdehnung des Gebietes 
waren Satellitenbilder der Schlussel, um friihere und neue interdisziplinare geowissenschaftliche Ergebnisse zu einem verlassli- 
cheren Bild zusammenzufuhren. Fur diesen synoptischen Uberblick wurde die Interpretation von Fernerkundungsdaten durch 
Gelandeuntersuchungen und physikalische Altersbestimmungen erganzt. Viele Lumineszenzalter (75 IRSL und 12 TL) von L6B, 
loBahnlichen Sedimenten und Sanden wurden bestimmt, die bei der Rekonstruktion der Klimageschichte des Untersuchungs- 
gebiets im Marinen Isotopen Stadium 3 bis 1 (MIS 3-1) beitragen. 

Loftablagerungen iiberwiegen in der Zeit vor MIS 2. Die numerische Alter von lakustrinen und alluvialen Sedimenten, im 
Loft zwischengelagert, belegen wechselnde feuchte und trockene Perioden in der Chaco/Pampa-Ebene im MIS 2 und MIS 1. 
Uberwiegend trockene Bedingungen herrschten von 8.5 bis 3.5 ka BP (mittleres MIS 1), als Sande in Form von Diinen oder in 
Palaoflussbetten abgelagert wurden. Zeitlich begrenzte Phasen extrem verstarkter Palaoflussaktivitat im Mittelholozan wurden 
auf sporadische Starkregenereignisse in den Anden zuriickgefuhrt. 

Die Ursprungsgebiete des Loft, der loftartigen Sedimente und der sandigen Ablagerungen wurden in der sudwestlichen Pampa, 
den benachbarten Andenabhangen und im Altiplano lokalisiert. Diese Sedimente wurden von dort nach Osten und spater nach 
Nordosten transportiert, wie sich aus den morphologischen Mustern als Zeugnisse fruherer aolischer Aktivitat rekonstruieren lieft. 

Pampa, Chaco, morphology, chronology, Pleistocene, Holocene, Loess 
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1 Introduction 



The Chaco-Pampa Plain extends from the central and north- 
ern lowlands of Argentina to the Paraguayan (and Boliv- 
ian) Chaco. It covers an area of more than 1 500 000 km 2 and 
stretches from the Paraguay-Bolivian border in the north to 
the Rio Colorado in the south (southern border of the Buenos 
Aires Province), from the Andean foot in the west to the Rio 
Parana, Uruguay and the Atlantic coast in the east. The sur- 
face is generally dipping to the east and south-east. 

The climate is controlled by both semi-permanent south- 
eastern Pacific anticyclones in the west and south-western 
Atlantic anticyclones in the east. Warm and humid air mass- 
es mainly originate from the Atlantic. Isohyets are nearly 
oriented north-northwest/south-southeast with decreasing 
rainfall to the west. Hence, the climate changes from sub- 
tropical to arid conditions from north-east to south-west. 



The north is affected by pronounced summer rainfall (Octo- 
ber to March). In the south precipitation occurs almost the 
year around. 

The knowledge on the Quaternary geology of the Chaco- 
Pampa Plain has increased during recent years, mainly due 
to the implementation of physical dating methods. Howev- 
er, a reasonable and consistent multidisciplinary overview 
on the morphological and geological development was still 
missing when SEGEMAR (Servicio Geologico Minero Ar- 
gentino) assisted by BGR (Federal Institute for Geosciences 
and Natural Resources, Hannover, Germany) started a ge- 
ological mapping project in the Chaco-Pampa Plain of the 
scale of 1:250 000. In the Paraguayan Chaco, the Geological 
Survey of Germany (BGR) and Paraguayan institutions (e.g. 
Ministerio de Agricultura) had already performed lumines- 
cence and radiocarbon datings within the frame of an envi- 
ronmental mapping program in the 1990s. 
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Fig.l: The Chaco-Pampa Plain: 
Lithology sampling sites and 
aeolian transport directions. 
The map was elaborated by 
means of field observations, 
satellite image interpretation 
and information of the cited 
literature. 

Abb. 1: Die Chaco-Pampa 
Ebene: Lithologie, Probenent- 
nahmepunkte und dolische 
Transportrichtungen. Die 
Karte wurde mittels Gelan- 
debeobachtungen, Satelliten- 
bildinterpretation und der 
zitierten Literatur erarbeitet. 



2 Geological, Geomorphological and Climatological 
Setting 

The Chaco-Pampa Plain is the southern part of the vast 
South American deposition trough. It extends from the 
Venezuelan plains in the north to the Rio de la Plata Re- 
gion in the south. The subsidence of this trough, located 
between the Andean chains and the Brazilian Shield, is re- 
lated to the opening of the Atlantic and the up-folding of 
the Andes mountains. 

The present topography of the Chaco-Pampa Plain was 
formed along general lines by the last regression of the Mi- 
ocene Paranaense Sea. A new basin developed which succes- 



sively filled with terrestrial sediments. In the south-western 
Pampa loessoid sediments built up an elevated peneplain 
dissected by erosion. The sediments are composed of silt and 
sand with embedded duricrust layers, siliceous/calcareous 
concretions and nodules. These sequences are palaeontologi- 
cally assigned to the Upper Miocene (Melchor et al, 2000; 
Abello et al., 2002) and named Formation Cerro Azul. 

In a great part of the Chaco-Pampa Plain Quaternary 
loess and loessoid deposits cover Pliocene fluvial sand. In 
present coastal areas marine deposits of the Pleistocene 
and Holocene ingressions intercalate the dominant terres- 
trial Quaternary sediments of the Argentine Pampa (Fig. 1). 
Teruggi (1957) links the loess in the Pampa to the vol- 



E&G/Vol. 60/ No. 1/ 2011/ 188-202/ D0I 10.3285/eg. 60. 1.13 / ©Authors / Creative Commons Attribution License 



189 



canism of the southern Andes, as it contains 20-60% of vol- 
canic material. During volcanic eruptions the majority of 
ash was deposited on the foot of the volcanoes. From here 
the ashes were repeatedly deflated or fluvially removed 
(Inbar & Risso, 2000) and re-deposited further to the east 
in great fans. The volcanic activity is still going on. Ashes 
of the Quizapu eruption on 1932 reached Rio de Janeiro 
(Kittl, 1933). This volcano belongs to the Descabezado 
Group situated on Chilean territory. 

Meanwhile there is general agreement that the main source 
areas of the loess, loessoid sediments and sands of the Ar- 
gentine Pampa are from the southwest of the Chaco-Pam- 
pa Plain, the flood plains of northern Patagonia and the 
piedmont of the Andes. Rivers transported material to the 
south and east, while southerly winds transported it to the 
north during dry and cold periods of the Pleistocene (e.g. 
Iriondo, 1990a; Zarate & Blasi, 1990). The wide SW-NE 
directed fan of loessoid deposits is covered by sand dunes 
in the southwest. 

In the northern Chaco-Pampa Plain (northern part of 
Argentina and western part of Paraguay) the source area 
of aeolian and fluvial loessoid sediments are the Andine 
sierras in Argentina and Bolivia. The rivers (e.g. Rio Pil- 
comayo, Rio Bermejo, Rio Salado) descend from there and 
flow to the east. They have developed extensive alluvial 
fans of several hundred kilometres width which are easily 
visible on satellite imagery. Iriondo (1990a) and Sayago 
(1995) have a deviating opinion on the proportions of allu- 
vial and pristine loess in the sediments of the river fans. A 
comprehensive review about the associated problems aris- 
ing from the distinction of pristine, reworked and fluvial 
dislocated loess is given by Zarate (2003). 

In order to develop a regional lithostratigraphic concept 
of the Chaco-Pampa Plain numerous local studies were 
carried out. Formations were defined on the correlation of 
a small number of representative sites. But the result has 
still to be improved in order to sharpen the litho- and bio- 
stratigraphic as well as geochronologic statements. 

The terrestrial Quaternary deposits are famous for their 
extraordinary richness of fossils at particular sites, which 
have been investigated very intensively since the 19 th centu- 
ry. Ameghino (1908) established an evolutionary succession 
of the fauna which geologists have tried to correlate without 
success with lithostratigraphic sequences. Frenguelli (1957) 
tried to develop a lithostratigraphic sequence of the Pam- 
pa sediments by correlating alternating loess and loam se- 
quences with the palaeoclimate of the northern hemisphere. 
He also failed, causing stratigraphic confusion. The inherent 
problems were seemingly solved by Pascual et al. (1965), 
who introduced the Edades Mamifero (mammal ages) with- 
out taking into account the geological conditions. Therefore, 
their investigations have not resulted in a clearly defined bi- 
ostratigraphy. Fidalgo et al. (1975), Tonni et al. (1999) and 
others differentiate the Pleistocene loess (so-called Pam- 
peano) into two units. The lower unit (Formacion Ensenada 
- Ensenadense) consists of consolidated sediments. The up- 
per unit contains less consolidated loess (Formacion Buenos 
Aires-Bonaerense) and is intercalated by lacustrine and flu- 
vial deposits (Formacion Lujan-Lujanense). It is partly cov- 
ered by Holocene aeolian, lacustrine, fluvial and near the 
coast by marine sediments. Tonni et al. (1999) differentiate 



the upper lithological unit in more detail using faunal ele- 
ments and several radiocarbon dates. But the implementa- 
tion of physical dating methods also did not overcome the 
lithostratigraphic problems. Due to the limited dating range 
of the 14 C method only minimum ages of the Pampeano sedi- 
ments were obtained. 

Based on locally restricted geochronological and geologi- 
cal information Iriondo (1999) developed an ambiguous 
and regionally questionable palaeoclimatic and palaeogeo- 
graphic concept selectively adapted to the Marine Isotopic 
Stage (MIS) chronology of the northern hemisphere. The 
interpretation problems arising from too small or unre- 
liable data base are demonstrated by Prieto (1996; 1997) 
criticizing the regional Holocene chronology by Iriondo 
(Iriondo, 1997). Iriondo (1999) and Krohling (1999) as- 
sume wet and dry (or at least generally semiarid) climate 
for the periods between ca. 8500 yr cal BP and 3500 cal BP 
as well as between 3500 yr cal BP and 1000 yr cal BP, re- 
spectively. In opposite Geyh et al. (1996), Barboza et al. 
(2000) and Zech et al. (2008) provide evidence for dry and 
wet climate for the succeeding periods. After the predomi- 
nantly dry mid-Holocene the climate changed to wet about 
3500 yr cal BP with several short dry interruptions. 

Palaeomagnetic studies in the eighties by e.g. Valencio 
and Orgeira (1983), Orgeira (1987), Bidegain (1991) and 
Nabel (1993) detected the Matuyama-Brunhes boundary in 
the upper part of the Formacion Ensenada. This means that 
the Formacion Buenos Aires must be considerably younger 
than 0.79 Ma. Krohling (1999) and Krohling and Irion- 
do (1999) published a small number of luminescence ages 
which was not sufficient to derive a reliable regional con- 
ception of the huge study area. Frechen et al. (2009) eval- 
uated the data set of Krohling (1999) and conclude that 
these reported TL age estimates should not be considered 
for further chronostratigraphic interpretation owing to the 
lack of methodological background information. 

Kemp et al. (2006) describe the large variability of the 
micromorphological composition of loess and loess-like 
sediments. Arguello et al. (2010) demonstrate the domi- 
nance of loess-like sediments in one profile east of Cor- 
doba which were transported and re-deposited by fluvial 
processes. As loess is usually diagenetically modified and 
dune sands are often re-deposited; then luminescence dates 
represent minimum ages of the associated morphological 
processes. Due to this situation many previous chronologi- 
cal classifications are misleading. 

3 Material and Methods 

The main lithostratigraphical and geomorphological prob- 
lems of the previous studies arose from the uniformity of 
the sediments and the flatness of the huge study area with 
a few outcrops. This situation hampered the collection of 
samples suitable for luminescence dating. Luminescence 
dates are exaggerated if the samples were not completely 
bleached. Examples might be fluvial remobilized material. 

In order to overcome these constrains we had to search 
for geoscientific methods which allow to join local multi-dis- 
ciplinary information to a reliable regional geomorphologi- 
cal conception of global relevance. The most suitable method 
for this task has been found to be satellite remote sensing. 
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3.1 Remote sensing and sedimentological methods 

Remote sensing techniques facilitated the identification of 

geomorphological and genetically comparable units over 

long distances. Due to the generous NASA information 

policy, most of the used satellite material could be obtained 

free of charge. 

Samples of the following systems were downloaded and 

processed: 

- Landsat 5 TM and Landsat 7 ETM+: These systems became 
the principal source of spectral data. 

- SRTM (on Space Shuttle): The only available radar instru- 
ment which covered the entire investigated terrain deliv- 
ered data which allowed an easy pre-processing for the 
Digital Elevation Model (DEM). The ground resolution is 
roughly comparable with that of the Landsat imagery. The 
altitude and spectral information could be evaluated. 

- NOAA AVHRR: Its resolution allowed to localize the direc- 
tion of aeolian sediment transport and deposition areas. 

- After downloading the metadata and the single spectral 
band files in GeoTiff format, each file with single band in- 
formation was processed as follows: 
Uncompressing and visualizing the data by bitmap process- 
ing software (GIMP 2.2 and COREL Photo Paint 11). 

- Greyscale stretching the histogram without loss of infor- 
mation on the black/white side for contrast optimising 
(possible only for images without water, cloud cover or 
snow surfaces). 

- Gradation curve adaptation for features on snow-free 
ground by compressing near the black and/or the white 
ends without loss of the grey tones. 

The satellite image interpretation was important to recon- 
struct the palaeogeographic situation and deposition proc- 
esses in the study area. Finally we ended up in a consistent 
and reasonable regional conception which was verified and 
refined by means of field studies. Key sites as coincidentally 
encountered outcrops at road cuts, river banks and excava- 
tions in the Argentine Chaco-Pampa Plain were localized for 
the collection of samples for luminescent dating. 

Different types of involved diagenetic processes and the 
morphological conditions at the sampling sites allowed dis- 
tinguishing sediments according to aeolian and/or fluvial 
transport, weathering, and remobilization. This classifica- 
tion was supported by grain size analysis. 

3.2 Luminescence dating of sediments 

Samples for luminescence dating (75 IRSL = infrared stimu- 
lated luminescence and 12 TL = thermoluminescence) were 
taken in the Pampa and the Chaco (Fig. 1). In the Para- 
guayan Chaco outcrops are so rare that in most cases small 
holes had to be excavated. The maximum and minimum 
sampling depth was between 7 and >0.3 m, the latter due 
to the requirements of luminescence dating. The lumines- 
cence ages and the relevant field and laboratory results are 
compiled in the Table 1 and 2, respectively. The lumines- 
cent ages are given in ka before present. 

Samples for luminescence dating were collected between 
1993 and 2006 during which luminescence dating techniques 
made considerable methodical progress (e.g. Preusser et al, 
2008; Wintle, 2008). We applied the meanwhile antiquated 



dating techniques of the 1990s similar as it was done in al- 
most all previous studies in the Chaco-Pampa Plain. The 
obtained luminescence dates and their confidence intervals 
may up to 30% older than the actual dates but are consid- 
ered as sufficient reliable for the development of a raw syn- 
chronopsis. Three laboratories were involved. 
The generalized procedure of collection, treatment and meas- 
urement of samples is given as follows: Each sample was 
taken in a light-tight cylinder from freshly exposed surfaces. 
The surface layer of the light-exposed part was removed un- 
der subdued red-light in the laboratories. Carbonate was re- 
moved by diluted hydrochloric acid before various grain-size 
and mineral fractions were separated by sieving. The 4-11 
\im polymineral grain-size fraction was enriched according 
to Frechen et al. (1996). After this the fractions were treated 
with sodium oxalate solution and 30% hydrogen peroxide to 
remove clay coatings and organic matter. In case of lumines- 
cence dating of mono-mineral fractions potassium feldspar 
and quartz were separated from each other by heavy liquids, 
such as sodium polytungstate (2.58, 2.62 and 2.70 g/cm 3 ). 

Between 1993-1996 IRSL and TL datings were carried 
out by the Archaeometry Research Group Heidelberg at 
the Max-Planck Institute of Nuclear Physics in Heidel- 
berg (P. Kuhn). Polymineral fractions of 4-11 ^xm size and 
100-200 ^xm quartz extracts were used. Details of the ap- 
plied technique are given by Kuhn (2000). 

Between 1999-2000 IRSL, GRSL (green light stimu- 
lated luminescence), and TL age determinations were 
performed at the Geological Institute of the University 
Cologne (F. Preusser). The 4-11 ^xm sized polymineral 
fraction and various coarse grain-size fractions between 
63 and 200 |im of K-rich feldspars were used. For main- 
taining consistency only IRSL and TL ages were included 
in the interpretation though in several cases other kinds 
of luminescence ages were determined. This was justified 
because the corresponding ages agreed within a few mil- 
lennia. Due to methodical reasons - higher probability for 
insufficient bleaching prior to deposition - exceptional TL 
ages overestimated the true sedimentation age. The rea- 
son is that TL traps require a longer light exposure time 
for total bleaching of the luminescence signal than lumi- 
nescence traps (Godfrey-Smith et al, 1988). Details of his 
procedure are given by Fuller et al. (1994) and Preusser 
(1999). 

Between 2001 and 2006 the Leibniz Institute for Applied 
Geosciences in Hannover carried out IRSL age determina- 
tions on 4-11 |im sized polymineral fractions and quartz 
extracts from loess, loessoids and dune sands. The sample 
preparation and measurement techniques of sands are de- 
scribed by Frechen et al. (2001) and of loess by Frechen et 
al. (2009). As the preparation and measurement techniques 
of the three involved laboratories differ only slightly it 
seemed to be justified that the reliability of the IRSL and TL 
ages within the investigated age range of maximum 60 ka 
is similar. 

The multiple-aliquot regeneration and (total bleach) addi- 
tive dose protocols were applied. The luminescence signal of 
K-feldspar samples was normalized by short shine measure- 
ments. At least six aliquots of the extracts were fixed on alu- 
minium or stainless steel discs and irradiated at least 8-times 
with stepwise increasing doses using a calibrated 90 Sr/ 90 Y 
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beta source for mono-mineral extracts and calibrated 60 Co 
gamma sources for polymineral extracts. After the artificial 
irradiation, the samples were stored at room temperature for 
at least four weeks or at 70°C for one week. These experi- 
ments did not indicate anomalous fading after a delay of 4 
weeks to 12 months after artificial irradiation. Several aliq- 
uots were exposed to a solar simulator lamp (dr hoenle Sol2) 
for several hours in order to determine the residual IRSL and 
TL signal. 

The luminescence measurements were started with a 
subsequent pre-heating of the fine-grained aliquots at less 
than 200°C for at least 15 hours and of the feldspars frac- 
tion at more than 200°C for at least 1 minute in order to 
eliminate the unstable component induced by the artifi- 
cial irradiation. The IRSL and TL signals were measured 
in commercial TL/OSL readers. Optical filter sets were 
placed between the sample and the photomultipliers in or- 
der to select the blue wavelength spectra for both IRSL and 
TL measurements. During 25-60 s exposure by IR diodes 
(880 ± 80 nm) the decay curve was recorded. The equivalent 
dose was integrated from the 10-25 s section. 

From fine grains also TL ages were determined. The TL 
dose response curve was recorded at a heating rate of 5°C/s 
applied to 450°C. Second glow normalization was used to 
reduce the disc-to-disc scatter of the results. The 300-400°C 
region of the TL dose response curve yielded the equiva- 
lent dose. The TL signals of the stepwise irradiated samples 
were mathematically fitted to an exponential curve and ex- 
trapolated to the zero dose which yielded the equivalent 
dose of the natural luminescence signal. 

Dose rates for all samples were calculated from the po- 
tassium concentration determined by AAS and the specific 
activities of potassium, uranium and thorium measured 
by gamma spectrometry (Table 2). The natural water con- 
tent of the sediment was assumed to be in the range of 
15-35 ± 5% in relation to the porosity of the sediment. 

4 Results 

Based on the results of geological field studies, sedimen- 
tological investigations and age determinations as well as 
morphological evaluations using satellite imagery a recon- 
naissance map was elaborated. It gives a general overview 
about the lithology, the main aeolian transport directions 
of sediments and the locality of the sampling sites (Fig.l). 

Loess 

We define the loess of the study area as non-stratified, loose 
and friable, yellowish brown and never dislocated wind- 
blown sediment with a grain size composition of predom- 
inantly coarse silt and a varying content of fine material 
(mainly due to weathering). Diagenetic changes do not af- 
fect this classification. A specific property of the loess in the 
Pampean Formation is its abundant volcanic components ac- 
cording to Teruggi (1957). 

Teruggi (1957) and Zarate (2003) found that most sedi- 
ments previously classified as loess of the Argentine Pampa 
had a strongly deviating grain size distribution. Our grain 
size analyses carried out in connection with OSL age de- 
terminations confirmed this statement. However, we found 
10 sites with pristine loess in the Chaco-Pampa Plain. The 



grain size of the loess ranges from coarse silt to fine sand. 
Some clay is also present due to weathering of feldspars. 
Most loess samples yielded ages between 60 ka and 18 ka, 
two samples exceed these ages. 

Loessoids 

Loess dislocated by water or any other loess-like sediment 
with the appearance of loess independent of its origin are clas- 
sified as loessoid. Material dislocated by water may yield over- 
estimated luminescence ages due to incomplete bleaching. 

The loessoid sediments of the Upper Miocene (Formacion 
Cerro Azul) in the southwest are composed of silt and sand 
with embedded duricrust layers, siliceous/calcareous con- 
cretions and nodules (Grl. Acha , Nos. 76 and 77). A sample 
of a duricrust covering these sediments yielded a calibrated 
14 C age of 25,800-24,500 cal BP (Hv 23 838). The actual age 
might be considerably older, as the samples might had been 
contaminated with secondary carbonates formed by repeat- 
ed wetting and weathering 

The facial similarity between this poorly sorted mate- 
rial of loessoid deposits in the east is obvious, where sam- 
ples were taken at the slopes of elongated flat depressions. 
The samples consisted of silt (0.004-0.060 mm) and middle 
sand (0.20-0.63 mm). They often contained a large amount 
of clay, which is ascribed to weathering or a result of slope 
wash. The material is poorly sorted. Due to the topographic 
situation these sediments were transported only over short 
distances. OSL ages of 14 samples ranged from 60 ka to 6 ka 
and those of 9 samples from 32 ka to 18 ka. Five samples 
were older than 60 ka. 

Dune sand 

In the southern dune field (Pampean Sand Sea - PSS) 
16 samples of dune sand were taken. They consisted of 
well-sorted fine to middle sand. The sites are distributed 
over the whole study area (Fig.l). Samples of the basal de- 
posits which rest on loessoid sediments were taken along 
the western rim of the Pampean Sand Sea. At the eastern 
rim of the Pampean Sand Sea, sampling was done less than 
2 meters above the base estimated from the topographic 
situation. Recent and old sands were found at the eastern 
and northern rim of the Pampean Sand Sea. The oldest de- 
termined OSL ages of sands are minimum ages in case the 
base of the outcrop was not the base of the sands. Older 
sands from the dune field northwest of the PSS with OSL 
ages of 33 ka to 23 ka are described by Tripaldi & Forman 
(2007). The thickness of the dune sand sequence is differing 
with maximum values estimated to about 20 to 30 m. 

Five samples were dated from the northern dune field 
in the Paraguayan Chaco. They were collected between 
the central and south-eastern part. By topographic calcu- 
lations their position is less than 3 meters above the dune 
basis. These sediments have mid-Holocene ages between 
5 ka and 3 ka. One sample from another dune field located 
in the east of the Rio Parana is of modern age. 

Channel sand 

Satellite images of the northern part of the study area show 
a pattern of fluvial activity. The related field study con- 
firmed that the corresponding sediments are channel sands 
from palaeorivers of the Rio Pilcomayo-Bermejo-Salado 
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system (see also Section 5.2). They are very well sorted 
with grain sizes between silt and middle sand. Dating of 
11 samples yielded OSL ages ranging from 12 ka to 3 ka 
which may be minimum ages, as the samples had to be col- 
lected above the unknown base of these deposits. 

Fluvio-lacustrine sediments 

The sampling sites are located near the still active water 
courses in the back water and flood plain areas. The sedi- 
ments occur in lenses of clayey diamictit. They have a bimo- 
dal grain size distribution from fine to middle sands and clay 
to fine silt. Several samples contained a high proportion of 
clay. Two fluvio-lacustrine sediment samples (Nos. 24 and 25) 
with many fossils were taken from an outcrop at Bella Vista. 
They yielded OSL ages of 53 ka and 37 ka, respectively. These 
deposits belong palaeontologically to the Formacion Toropi 
and Formacion Yupoi (Tonni et al, 2005). At the Arroyo Bar- 
renechea near Diamante, Entre Rios (No. 47) the sediments 
have an OSL age of 34 ka. They contain well preserved fossils, 
indicating a short transport distance and could belong to the 
Formacion Arroyo Feliciano (Iriondo et al, 1985). According 
to the dates both the Formacion Yupoi and Formacion Arroyo 
Feliciano would be coeval. Luminescence dates of fluvio-la- 
custrine sediments obtained by the antiquated technique of 
1990s might be exaggerated due to incomplete bleaching. 



Flood loam 

On satellite images of the northern Chaco-Pampa Plain 
macro and dense micro flow patterns are visible. The sedi- 
ments are badly sorted and the grain sizes ranged from clay 
(<0.005 mm) to middle sand. One sample out of nine was 
older than 60 ka, the others were between 30 ka and 2 ka 
old. Similar to fluvio-lacustrine sediments luminescence 
ages of flood loam might also be exaggerated due to incom- 
plete bleaching. 

Not classified material 

Sediments of unsorted grains and without any clear mor- 
phological relationship could not be classified. It is un- 
known whether they were weathered, bioturbated or flu- 
vial re-mobilized loess. One sand sample taken near Bel- 
la Vista might have been of fluvial or aeolian origin. At 
Mar del Plata sandy sediments underlying marine deposits 
could have been shore or aeolian sands. 

5 Origin and Fate of the Sediments 

Satellite data evaluation provided evidence that westerly 
winds dominated in the Argentine Pampa during the Pleis- 
tocene. Indications are morphological stripes and furrows 
in the sedimentary and volcanic cover at the Andean foot- 




ing. 2: Digital Elevation Model of the "Valles Grandes" area in the southwestern Pampa (see Fig.l), derived from SRTM data (SRTM tiles: 36S/64Wto 
39S/67W). Big and small troughs reflect different stages of aeolian valley evolution. Wind direction was to the east. 

Abb. 2: Digitales Hohenmodell vom Gebiet der Valles Grandes in der sudwestlichen Pampa (siehe Fig.l), erstellt aus SRTM Daten (SRTM tiles: 36S/64W to 
39S/67W). Grofie und kleine Troge stellen verschiedene Stadien der aolischen Talbildung dar. Der Wind kam aus dem Westen. 
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Tab. 1: Luminescence dates of sediments from the Chaco-Pampa Plain: site description, numerical dates with reference and climatic classification of the 
samples (Fig. 1 - sample numbers increase from N to S). Laboratory results of the luminescence dating are compiled in Table 2. 

Tab. 1: Lumineszenz- Alter von Sedimenten aus dem Chaco und der Pampa: Angaben zu den Beprobungsorten und klimatische Klassifikation der Proben 
(Fig. 1 - die Probennummern steigen von S nach N). Laborergebnisse der Lumineszenzdatierung sind in Table 2 zusammengestellt 



No. 


material 


location 


depth 
m 


latitude S 


longitude W 


method 


lab. 


age 
kaBP 


climatic 
classification 


Samples representing arid climate 


1 


dune sand 


Est. Calvet 


1.00 


20.6545° 


61.9929° 


TL 


MPIKH 


3.0 


± 


0.4 


arid 


2 


dune sand 


Tte. Enciso/Transchaco 


0.50 


20.9074° 


61.5059° 


TL 


MPIKH 


2.9 


± 


0.4 


arid 


3 


dune sand 


Tte. Enciso/Transchaco 


0.45 


20.9017° 


61.8443° 


TL 


MPIKH 


3.1 


± 


0.5 


arid 


4 


dune sand 


Tte. Enciso/Transchaco 


0.65 


20.9017° 


61.8443° 


TL 


MPIKH 


5.5 


± 


0.6 


arid 


5 


dune sand 


Tte. Enciso/Transchaco 


0.75 


20.9017° 


61.8443° 


TL 


MPIKH 


4.8 


± 


0.6 


arid 


26 


dune sand 


9 de Julio 


1.40 


28.8369° 


58.8437° 


IRSL 


LIAG 


modern 


arid 


27 


loessoid 


Autodromo Emilia 


4.65 


31.0501° 


60.8176° 


IRSL 


LIAG 


96.5 


± 


5.6 


arid [?] 


28 


loessoid 


Autodromo Emilia 


5.10 


31.0501° 


60.8176° 


IRSL 


LIAG 


91.6 


+ 


7.6 


arid [?] 


29 


loessoid 


Autodromo Emilia 


4.00 


31.0501° 


60.8176° 


IRSL 


LIAG 


84.9 


± 


6.7 


arid [?] 


34 


loessoid 


Freyre 


3.50 


31.1743° 


61.9812° 


IRSL 


LIAG 


32.1 


+ 


2.7 


arid [?] 


35 


loessoid 


Freyre 


2.20 


31.1743° 


61.9812° 


IRSL 


LIAG 


18.6 


± 


1.6 


arid [?] 


36 


loessoid 


Freyre 


1.85 


31.1743° 


61.9812° 


IRSL 


LIAG 


17.4 


+ 


1.5 


arid [?] 


37 


loessoid 


Freyre 


0.90 


31.1743° 


61.9812° 


IRSL 


LIAG 


5.8 


± 


0.6 


arid [?] 


38 


loessoid 


Rafaela 


1.30 


31.2362° 


61.4508° 


IRSL 


Uni Cologne 


28.8 


+ 


2.9 


arid [?] 


39 


loessoid 


Rafaela 


2.50 


31.2362° 


61.4508° 


IRSL 


Uni Cologne 


18.8 


± 


3.2 


arid [?] 


40 


loessoid 


Parana 


2.55 


31.7031° 


60.4769° 


IRSL 


LIAG 


56.6 


± 


5 


arid [?] 


41 


loessoid 


Parana 


0.65 


31.7031° 


60.4769° 


IRSL 


LIAG 


28.3 


± 


2.4 


arid [?] 


42 


loessoid 


Parana 


1.40 


31.7031° 


60.4769° 


IRSL 


LIAG 


26.9 


± 


2.3 


arid [?] 


43 


loessoid 


Parana 


2.65 


31.7031° 


60.4769° 


IRSL 


LIAG 


23.2 


± 


1.8 


arid [?] 


46 


loess 


Diamante 


1.90 


32.0665° 


60.6242° 


IRSL 


LIAG 


17.8 


± 


1.3 


arid 


49 


loessoid 


Autodromo Barradero 


2.30 


33.8206° 


59.4778° 


IRSL 


Uni Cologne 


40.2 


+ 


6.3 


arid [?] 


52 


loess 


Arrecifes 


0.40 


34.0644° 


60.0616° 


IRSL 


LIAG 


26.9 


± 


1.9 


arid 


53 


dune sand 


Vicuna Mackenna 


3.15 


33.9303° 


64.3724° 


IRSL 


Uni Cologne 


12.4 


+ 


1.0 


arid 


54 


dune sand 


Vicuna Mackenna 


1.35 


33.9303° 


64.3724° 


IRSL 


Uni Cologne 


2.9 


± 


0.5 


arid 


56 


loess 


La Picasa N 


1.30 


34.3856° 


62.2118° 


GSA 


LIAG 


144 ± 16 


arid 


57 


dune sand 


La Picasa N 


0.40 


34.3856° 


62.2118° 


IRSL 


LIAG 


16.1 


± 


1.2 


arid 


58 


loess 


La Picasa S 


1.50 


34.4557° 


62.3776° 


IRSL 


LIAG 


26.4 


+ 


1.9 


arid 


59 


dune sand 


La Picasa S 


0.60 


34.4557° 


62.3776° 


IRSL 


LIAG 


10.9 


± 


1.3 


arid 


60 


dune sand 


Junin 


1.50 


34.6614° 


60.9861° 


IRSL 


Uni Cologne 


7.3 


+ 


1.4 


arid 


61 


dune sand 


Saladillo 


1.40 


35.5936° 


59.7431° 


IRSL 


LIAG 


14.2 


+ 


3.2 


arid 


62 


dune sand 


Saladillo 


0.40 


35.5936° 


59.7431° 


IRSL 


LIAG 


modern 


arid 


63 


dune sand 


San Miguel del Monte 


0.70 


35.6602° 


58.8016° 


IRSL 


Uni Cologne 


9.8 


+ 


1.2 


arid 


64 


loess 


Grl. Belgrano 


1.50 


35.8301° 


58.4082° 


IRSL 


Uni Cologne 


57.8 


± 


7.6 


arid 


65 


loess 


Grl. Belgrano 


1.20 


35.8301° 


58.4082° 


IRSL 


Uni Cologne 


17.9 


+ 


3.2 


arid 


67 


dune sand 


San Carlos de Bolivar 


1.40 


36.2725° 


61.2123° 


IRSL 


Uni Cologne 


10.6 


± 


1.7 


arid 


68 


dune sand 


Pirovano 


2.50 


36.5069° 


61.566° 


IRSL 


LIAG 


6.7 


+ 


1.3 


arid 


69 


dune sand 


To ay 


5.50 


36.6835° 


64.4142° 


IRSL 


Uni Cologne 


3.8 


+ 


0.4 


arid 


70 


dune sand 


To ay 


3.50 


36.6835° 


64.4142° 


IRSL 


Uni Cologne 


0.3 


± 


0.1 


arid 


71 


loess 


Arroyo El Perdido 


1.35 


36.8104° 


58.5675° 


IRSL 


Uni Cologne 


13.1 


+ 


1.8 


arid 


72 


dune sand 


Cochiso/Alsina 


1.25 


36.9138° 


62.246° 


IRSL 


LIAG 


5.0 


± 


1.7 


arid 


73 


loessoid 


CarhueW 


1.24 


37.2042° 


62.8621° 


GSA 


LIAG 


139 


+ 


7 


arid [?] 


74 


loessoid 


CarhueW 


3.15 


37.2042° 


62.8621° 


GSA 


LIAG 


123 


± 


7 


arid [?] 


75 


loessoid 


CarhueW 


0.85 


37.2042° 


62.8621° 


IRSL 


LIAG 


21.6 


+ 


2.2 


arid [?] 


78 


dune sand 


Grl.AchaN 


2.80 


37.3633° 


64.5970° 


IRSL 


Uni Cologne 


2.3 


± 


0.3 


arid 


79 


dune sand 


Grl.AchaW 


3.50 


37.3978° 


64.8577° 


IRSL 


Uni Cologne 


5.4 


+ 


0.5 


arid 


80 


dune sand 


Grl.AchaW 


4.50 


37.3978° 


64.8577° 


IRSL 


Uni Cologne 


5.0 


± 


0.6 


arid 


82 


loessoid 


Mar del Plata Santa 
Clara d.M. 


0.50 


37.8602° 


57.5082° 


IRSL 


LIAG 


55.2 


± 


4.4 


arid [?] 


85 


loess 


Mar del Plata Camet 


1.70 


37.9084° 


57.5215° 


GSA 


LIAG 


103 


+ 


140 


arid 


86 


loess 


Mar del Plata Camet 


0.30 


37.9084° 


57.5215° 


IRSL 


LIAG 


53.7 


± 


3.3 


arid 


88 


loess 


Mar del Plata 


0.50 


37.9577° 


57.534° 


IRSL 


LIAG 


45.7 


+ 


2.9 


arid 
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No. 


material 


location 


depth 
m 


latitude S 


longitude 
W 


method 


lab. 


age ka BP 


climatic 
classification 


Fluvial samples representing arid climate 


6 


channel sand 


Tte. Pico/Est. San Juan 


0.60 


21.0527° 


60.5425° 


TL 


MPIKH 


3.3 


± 


0.4 


arid/palaeoriver 


7 


channel sand 


Filadelfia/Madrejon 


0.60 


21.4390° 


59.8682° 


TL 


MPIKH 


7.7 


± 


0.9 


arid/palaeoriver 


10 


channel sand 


Campo Aroma 


0.55 


22.1692° 


60.0714° 


TL 


MPIKH 


4.6 


± 


0.6 


arid/palaeoriver 


13 


channel sand 


Neuland 


0.60 


22.5699° 


60.0927° 


TL 


MPIKH 


3.4 


± 


0.4 


arid/palaeoriver 


14 


channel sand 


Neuland 


0.60 


22.8689° 


60.0205° 


TL 


MPIKH 


4.5 


± 


0.7 


arid/palaeoriver 


15 


channel sand 


PozoCol./Grl.Diaz 


0.60 


23.4882° 


60.0696° 


TL 


MPIKH 


6.4 


± 


0.9 


arid/palaeoriver 


IB 


channel sand 


Las Lomitas 


3.40 


24.7416° 


60.5512° 


IRSL 


Uni 
Coloqne 


12.4 


± 


2.2 


arid/palaeoriver 


17 


channel sand 


Las Lomitas 


2.05 


24.7416° 


60.5512° 


IRSL 


Uni 
Coloqne 


11.8 


± 


0.8 


arid/palaeoriver 


18 


channel sand 


ClorindaW 


1.80 


25.2528° 


58.0109° 


IRSL 


Uni 
Coloqne 


3.0 


+ 


0.3 


arid/palaeoriver 


19 


channel sand 


ClorindaW 


1.60 


25.2528° 


58.0109° 


IRSL 


Uni 
Coloqne 


3.0 


+ 


0.2 


arid/palaeoriver 


21 


channel sand 


7km N Napenay 


0.50 


26.6732° 


60.6293° 


IRSL 


Uni 
Cologne 


3.7 


+ 


0.3 


arid/palaeoriver 


Samples representing humid climate 


8 


flood loam 


La Patria 


1.00 


21.4001° 


61.4374° 


IRSL 


MPIKH 


9.8 


+ 


1.3 


humid 


9 


flood loam 


Tte. Montania 


0.45 


22.0523° 


59.9282° 


IRSL 


MPIKH 


2.1 


± 


0.2 


humid 


11 


flood loam 


Transchaco/Lag. Negra 


2.00 


22.1809° 


60.4494° 


TL 


MPIKH 


12.3 


± 


1.5 


humid 


12 


flood loam 


Transchaco/Fila. 


1.00 


22.4370° 


60.1293° 


IRSL 


MPIKH 


12.1 


± 


2.6 


humid 


20 


flood loam. 


7km N Napenay 


1.20 


26.6692° 


60.6287° 


IRSL 


Uni 
Cologne 


19.8 


± 


1.3 


humid 


22 


flood loam 


Grl. Rogue Saenz Peha 


2.75 


26.7809° 


60.4781° 


IRSL 


Uni 
Cologne 


28.7 


± 


5.4 


humid 


23 


well sorted sand 


Bella Vista. Corrientes 


0.50 


28.5947° 


59.0430° 


GSA 


LIAG 


115 


± 


7 


not classified 


24 


fluvio-lacustrine 
clayey diamict 


Bella Vista/ Corrientes 


6.50 


28.5943° 


59.0484° 


IRSL 


LIAG 


53.2 


± 


3.9 


humid 


25 


fluvio-lacustrine 
clayey diamict 


Bella Vista/ Corrientes 


2.00 


28.5943° 


59.0484° 


IRSL 


LIAG 


36.7 


± 


2.2 


humid 


27 


flood loam 


Autodromo Emilia 


4.65 


31.0501° 


60.8176° 


IRSL 


LIAG 


96.5 


± 


5.6 


humid 


30 


flood loam 


Autodromo Emilia 


5.05 


31.0501° 


60.8176° 


IRSL 


LIAG 


46.5 


± 


3.2 


humid 


31 


flood loam 


Autodromo Emilia 


1.80 


31.0501° 


60.8176° 


IRSL 


LIAG 


25.8 


± 


2.2 


humid 


32 


loessoid 


Felicia 


1.70 


31.1891° 


61.2153° 


IRSL 


LIAG 


34.6 


± 


2.8 


not classified 


33 


fluvio-lacustrine 
clayey diamict 


Felicia 


1.00 


31.1891° 


61.2153° 


IRSL 


LIAG 


15.8 


± 


1.5 


humid 


44 


fluvio-lacustrine 
clayey diamict 


Arroyo 
Colastine;Gessler 


1.00 


31.9148° 


61.1204° 


IRSL 


LIAG 


14.3 


± 


1.5 


humid 


45 


clay with silt 


Diamante/Camino al 
Balneario Valle Maria 


1.90 


32.0101° 


60.6387° 


GSA 


LIAG 


not datable 
saturation 


humid [?] 


47 


fluvio-lacustrine 
clayey diamict 


Diamante/Arr. 
Barrenechea 


1.60 


32.0729° 


60.5594° 


IRSL 


LIAG 


34.3 


± 


2.1 


humid 


48 


fluvio-lacustrine 
clayey diamict 


Larocca 


1.90 


33.0190° 


59.0013° 


IRSL 


Uni 
Cologne 


12.1 


± 


1.4 


humid 


50 


clayey silt 


Arrecifes 


2.20 


34.0644° 


60.0616° 


GSA 


LIAG 


207 


± 


11 


not classified 


51 


fluvio-lacustrine 
clayey diamict 


Arrecifes 


4.65 


34.0641° 


60.0610° 


GSA 


LIAG 


159 


± 


12 


humid 


55 


clayey silt 


La Plata 


7.00 


34.9082° 


58.0111° 


GSA 


LIAG 


>390 






not classified 


66 


fluvio-lacustrine 
clayey diamict 


Canal Jauretche 


1.50 


35.7216° 


62.0808° 


IRSL 


Uni 
Cologne 


8.2 


± 


0.7 


humid 


76 


silty diamict 


Grl.Acha E 


3.80 


37.3478° 


64.2887° 


GSA 


Uni 
Cologne 


not datable 


humid [?] 


77 


silty diamict 


Grl. Acha E 


2.40 


37.3478° 


64.2887° 


GSA 


Uni 
Cologne 


not datable 


humid [?] 


81 


sand [shore 
sand?] 


Mar del Plata Santa 
Clara d.M. 


6.10 


37.8602° 


57.5082° 


GSA 


LIAG 


104 


± 


6 


not classified 


83 


fluvio-lacustrine 
clayey diamict 


Mar del Plata Santa 
Clara d.M. 


1.60 


37.8602° 


57.5082° 


IRSL 


LIAG 


53.8 


± 


5.2 


humid 


84 


fluvio-lacustrine 
clayey diamict 


Mar del Plata Camet 


0.50 


37.9084° 


57.5215° 


GSA 


LIAG 


121 


± 


6 


humid 


87 


clayey silt 


Mar del Plata 


1.80 


37.9577° 


57.5340° 


GSA 


LIAG 








not classified 



Abbreviations: lab - laboratory: UNI Cologne - University of Cologne (F. Preusser); LIAG - Leibniz Institute of Applied Geophysics, Hannover (M. Frechen); 
MPI K H - Max Planck Institute of Nuclear Physics, Heidelberg (R. Kuhn); method: IRSL - infrared-stimulated luminescence; TL - thermoluminescence; 
age; GSA - grain size analysis 
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Tab. 2: Dated fraction, analytical results, dose rate measurements and estimates, assumed moisture content and equivalent dose of sediments samples 
from the Chaco-Pampa Plain (see Tablel and Fig. 1 - sample numbers increase from N to S). Analytical data from the Max-Planck-Institute Heidelberg 
(MPI H) are missing. 

Tab. 2: Datierter Sedimentextrakt, analytische Ergebnisse, angenommener Feuchtgehalt, gemessene und geschatzte Dosisraten und Aquivalenzdosis der 
Proben vom derPampa und dem Chaco (s. Tabelle 1 und Fig. 1 - die Probenummern steigen von N nach S. Die Laborergebnisse der Lumineszenzalter vom 
Max-Planck-Institut Heidelberg liegen nicht vor. 



No. 


location 


grain size 
mineral 


K 

% 


Th 
ppm 


U 
ppm 


water 
% 


"cosm 

mGy/a 


d to t 
mGy/a 


Gy 


Samples representing arid climate 


1 


Est. Calvet 


4-11 mm P 
















2 


Tte. Enciso/ 
Transchaco 


90-200 mm Q 
















3 


Tte. Enciso/ 
Transchaco 


90-200 mm Q 
















4 


Tte. Enciso/ 
Transchaco 


90-200 mm Q 
















5 


Tte. Enciso/ 
Transchaco 


90-200 mm Q 
















26 


9 de Julio 


4-11 mm P 


1.09 ±0.02 


4.55 ±0061 


0.35 ±0.02 


15 ±5 


182 ± 9 


4.17 ±0.33 


133.9 ±4.7 


27 


Autodromo 
Emilia 


4-11 mm P 


1.71 ±0.08 


5.29 ±0.26 


1.49 ±0.07 


15 ±5 


172 ± 9 


2.68 ±0.14 


258.3 ±5.8 


28 


Autodromo 
Emilia 


4-11 mm P 


1.82 ±0.09 


8.97 ±0.54 


1.62 ±0.10 


15 ±5 


178 ± 9 


3.34 ±0.24 


305.5 ±9.6 


29 


Autodromo 
Emilia 


4-11 mm P 


1.99 ±0.10 


8.66 ±0.52 


1.59 ±0.19 


15 ±5 


175 ± 9 


3.44 ±0.27 


291.6 ±5.2 


34 


Freyre 


4-11 mm P 


2.35 ±0.12 


10.20 ±0.61 


2.26 ±0.14 


15 ±5 


182 ± 9 


4.17 ±0.33 


133.9 ±4.7 


35 


Freyre 


4-11 mm P 


2.20 ±0.11 


9.72 ±0.58 


2.34 ±0.14 


15 ±5 


190 ± 10 


4.03 ±0.31 


74.9 ±2.6 


36 


Freyre 


4-11 mm P 


2.18 ±0.11 


10.30 ±0.62 


2.29 ±0.14 


15 ±5 


192 ±10 


4.06 ±0.32 


70.4 ± 2.3 


37 


Freyre 


4-11 mm P 


2.37 ±0.12 


8.75 ±0.53 


2.21 ±0.13 


15 ±5 


197 ± 10 


4.03 ±0.31 


23.3 ±1.4 


38 


Rafaela 


4-11 mm P 


1.97 ±0.10 


10.43 ±0.52 


2.20 ±0.11 


20 ±5 


145 


3.40 ±0.30 


97.3 ± 7.8 


39 


Rafaela 


4-11 mm P 


1.90 ±0.10 


10.33 ±0.52 


2.32 ±0.12 


20 ±5 


125 


3.50 ±0.30 


66.6 ±13.0 


40 


Parana 


4-11 mm P 


2.89 ±0.14 


8.98 ±0.54 


1.51 ±0.09 


15 ±5 


209 ± 10 


4.26 ±0.32 


241.1 ±10.7 


41 


Parana 


4-11 mm P 


2.28 ±0.11 


9.86 ±0.59 


1.77 ±0.11 


15 ±5 


207 ± 10 


3.92 ±0.30 


111.0 ±3.6 


42 


Parana 


4-11 mm P 


2.57 ±0.13 


9.48 ±0.57 


1.61 ±0.10 


15 ±5 


201 ± 10 


4.06 ±0.31 


109.2 ±4.2 


43 


Parana 


4-11 mm P 


3.33 ±0.17 


8.92 ±0.54 


1.42 ±0.09 


15 ±5 


193 ± 10 


4.58 ±0.35 


106.3 ± 1.7 


46 


Diamante 


4-11 mm P 


1.54 ±0.04 


8.04 ±0.40 


1.69 ±0.09 


15 ±5 


192 ±10 


3.03 ±0.16 


54.0 ±2.7 


49 


Autodromo 
Barradero 


4-11 mm P 


1.62 ±0.08 


10.30 ±0.51 


2.30 ±0.12 


20 ±5 


125 


3.20 ±0.20 


128.5 ±19.0 


52 


Arrecifes 


4-11 mm P 


1.92 ±0.05 


4.58 ±0.23 


1.64 ±0.08 


15 ±5 


202 ± 10 


2.98 ±0.15 


80.0 ±4.3 


53 


Vicuna 
Mackenna 


100-150 
mm F 


1.79 ±0.09 


7.00 ± 0.35 


1.83 ±0.09 


10 ±5 


110 


3.10 ±0.20 


38.9 ±1.9 


54 


Vicuna 
Mackenna 


100-150 
mm F 


1.71 ±0.09 


7.11 ±0.36 


1.90 ±0.10 


10 ±5 


145 


3.10 ±0.20 


9.0 ±1.4 


56 


La Picasa N 


4-11 mm P 


1.80 ±0.09 


3.27 ±0.17 


1.92 ±0.10 


15 ±5 


193 ± 10 


2.89 ±0.15 


416.0 ±41.0 


57 


La Picasa N 


4-11 mm P 


1.90 ±0.10 


4.03 ±0.24 


1.91 ±0.10 


15 ±5 


206 ± 10 


3.01 ±0.16 


48.4 ±2.3 


58 


La Picasa S 


4-11 mm P 


2.07 ±0.10 


9.53 ±0.48 


1.89 ±0.10 


15 ±5 


190 ± 10 


3.73 ±0.20 


98.5 ±4.7 


59 


La Picasa S 


4-11 mm P 


1.98 ±0.08 


9.55 ±0.48 


1.88 ±0.09 


15 ±5 


202 ±10 


3.66 ±0.20 


40.0 ±4.1 


60 


Junin 


4-11 mm P 


1.82 ±0.09 


7.02 ±0.35 


2.01 ±0.10 


20 ±5 


145 


3.00 ±0.20 


12.45 ±0.7 


61 


Saladillo 


4-11 mm P 


1.90 ±0.05 


3.44 ±0.17 


1.23 ±0.06 


15 ±5 


197 ± 10 


2.68 ±0.13 


37.9 ± 8.5 


62 


Saladillo 


4-11 mm P 


1.09 ±0.02 


4.55 ±0.06 


0.35 ±0.02 


15 ±5 


193 ± 10 








63 


San Miguel 
del Monte 


dune sand 


1.81 ±0.09 


8.36 ±0.42 


2.09 ±0.10 


10 ±5 


145 


3.40 ±0.20 


32.7 ±3.3 


64 


Grl. Belgrano 


4-11 mm P 


1.53 ±0.08 


7.54 ±0.38 


1.99 ±0.10 


20 ±5 


145 


2.80 ±0.20 


159.6 ±16.4 


65 


Grl. Belgrano 


4-11 mm P 


1.85 ±0.09 


8.95 ±0.45 


1.87 ±0.09 


20 ±5 


150 


3.10 ±0.20 


55.9 ±8.8 


67 


San Carlos 
de Bolivar 


100-150 
mm F 


1.72 ±0.09 


5.93 ±0.30 


1.58 ±0.08 


10 ±5 


145 


3.00 ±0.20 


32.1 ±4.5 


68 


Pirovano 


4-11 mm P 


1.74 ±0.05 


3.10 ±0.15 


1.19 ±0.06 


15 ±5 


192 ±10 


2.48 ±0.14 


16.6 ±3.0 


69 


To ay 


100-200 
mm F 


1.95 ±0.10 


6.97 ±0.35 


1.85 ±0.09 


10 ±5 


75 


3.20 ±0.20 


12.8 ±1.0 


70 


To ay 


100-200 
mm F 


1.91 ±0.10 


6.57 ±0.33 


1.70 ±0.09 


10 ±5 


105 


3.20 ±0.20 


1.1 ±0.3 


71 


Arroyo El 
Perdido 


4-11 mm P 


1.58 ±0.08 


8.41 ±0.42 


1.92 ±0.10 


23 


145 


2.90 ±0.20 


37.5 ±4.1 
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72 


Cochiso/ 
Alsina 


4-11 mm P 


1.84 ±0.05 


2.94 ±0.15 


1.31 ±0.07 


15 ±5 


201 ±10 


2.61 ±0.15 


13.0 ±4.3 


73 


CarhueW 


4-11 mm P 


1.35 ±0.06 


7.04 ± 0.35 


1.48 ±0.04 


15 ±5 


201 ± 10 


2.75 ±0.14 


382.9 ±6.0 


74 


CarhueW 


4-11 mm P 


1.49 ±0.06 


6.02 ±0.30 


1.53 ±0.04 


15 ±5 


188 ± 9 


2.73 ± 0.14 


334.4 ±6.4 


75 


CarhueW 


4-11 mm P 


1.53 ±0.04 


6.12 ±0.30 


1.16 ±0.05 


15 ±5 


204 ± 10 


2.63 ±0.13 


56.8 ±5.1 


78 


Grl.AchaN 


100-200 KF 


1.67 ±0.08 


5.60 ±0.28 


1.46 ±0.07 


10 ±5 


115 


2.90 ±0.20 


6.5 ±0.6 


79 


Grl.AchaW 


100-200 KF 


1.82 ±0.09 


6.10 ±0.31 


1.71 ±0.09 


10 ±5 


105 


3.20 ±0.20 


17.1 ± 1.2 


80 


Grl.AchaW 


4-11 mm P 


1.86 ±0.09 


6.67 ±0.33 


1.79 ±0.09 


10 ±5 


85 


3-20 ±0.20 


16.3 ±1.7 


82 


Mar del Plata 
Santa Clara 
d.M. 


4-11 mm P 


1.28 ±0.06 


5.92 ±0.30 


1.72 ±0.04 


15 ±5 


204 ±10 


2.82 ±0.14 


155.4 ±10.0 


85 


Mar del Plata 
Carnet 


4-11 mm P 


1.23 ±0.06 


5.70 ±0.33 


1.61 ±0.04 


15 ±5 


195 ± 10 


2.67 ±0.13 


276.3 ±33.7 


86 


Mar del Plata 
Carnet 


4-11 mm P 


1.45 ±0.07 


6.59 ±0.33 


1.64 ±0.04 


15 ±5 


200 ± 10 


2.88 ±0.14 


154.7 ±5.6 


88 


Mar del Plata 


4-11 mm P 


1.23 ±0.06 


6.55 ±0.33 


1.65 ±0.04 


15 ±5 


204 ± 10 


2.81 ±0.14 


45.7 ±2.7 


Fluvial samples representing arid climate 


B 


Tte. Pico/Est. 
San Juan 


90-200 mm Q 
















7 


Filadelfia/ 
Madrejon 


90-200 mm Q 
















10 


Campo 
Aroma 


90-200 mm Q 
















13 


Neuland 


90-200 mm Q 
















m 


Neuland 


90-200 mm Q 
















15 


Pozo Col./ 
Grl.Diaz 


90-200 mm Q 
















IB 


Las Lomitas 


150-200 KF 


0.71 ±0.04 


3.55 ±0.18 


0.97 ±0.05 


15 ±5 


105 


1.80 ±0.10 


21.8 ±3.7 


17 


Las Lomitas 


150-200 KF 


0.82 ±0.04 


4.62 ±0.23 


1.24 ±0.06 


10 ±5 


130 


2.00 ±0.10 


24.1 ±0.8 


18 


ClorindaW 


4-11 mm P 


1.60 ±0.08 


17.71 ± 0.89 


5.04 ±0.25 


15 ±5 


135 


5.10 ±0.40 


14.4 ±0.7 


19 


ClorindaW 


4-11 mm P 


1.37 ±0.07 


8.43 ±0.42 


2.22 ±0.11 


15 ±5 


140 


2.80 ±0.20 


8.2 ±0.4 


21 


7km N 
Napenay 


4-11 mm P 


2.07 ±0.10 


12.35 ±0.62 


3.14 ±0.16 


15 ±5 


150 


4.30 ±0.30 


16.2 ±2.4 


Samples representing humid climate 


8 


La Patria 


90-200 mm Q 
















9 


Tte. 
Montania 


4-11 mm P 
















11 


Transchaco/ 
Lag. Negra 


4-11 mm P 
















12 


Transchaco/ 
Fila. 


90-200 mm Q 
















20 


7km N 
Napenay 


4-11 mm P 


2.08 ±0.10 


10.07 ±0.50 


2.61 ±0.13 


15 ±5 


150 


3.90 ±0.30 


87.1 ± 3.8 


22 


Grl. Roque 
Saenz Peha 


4-11 mm P 


2.38 ±0.12 


11.38 ±0.57 


2.49 ±0.12 


20 ±5 


120 


3.90 ±0.30 


117.0 ± 27.5 


23 


Bella Vista 
Corrientes 


4-11 mm P 


1.04 ±0.05 


8.27 ±0401 


0.07 ±0.02 


15 ±5 


198 ± 10 


2.09 ±0.12 


241.1 ±4.1 


24 


Bella Vista 
Corrientes 


4-11 mm P 


1.39 ± 0.07 


5.49 ±0.27 


1.18 ±0.03 


15 ±5 


161 ± 8 


2.30 ±0.12 


122.4 ±6.4 


25 


Bella Vista 
Corrientes 


4-11 mm P 


1.51 ±0.06 


2.31 ±0.12 


1.67 ±0.06 


15 ±5 


188 ± 9 


2.45 ±0.12 


90.0 ±3.2 


27 


Autodromo 
Emilia 


4-11 mm P 


1.71 ±0.08 


5.29 ±0.26 


1.49 ±0.07 


15 ±5 


172 ± 9 


2.68 ±0.14 


258.3 ±5.8 


30 


Autodromo 
Emilia 


4-11 mm P 


1.73 ±0.08 


8.17 ±0.40 


1.21 ±0.06 


15 ±5 


170 ± 9 


2.75 ±0.16 


128.0 ±4.7 


31 


Autodromo 
Emilia 


4-11 mm P 


1.44 ±0.09 


9.47 ±0.57 


2.14 ±0.11 


15 ±5 


182 ± 9 


4.17 ±0.33 


133.9 ±4.7 


32 


Felicia 


4-11 mm P 


2.02 ±0.12 


9.03 ±0.54 


2.20 ±0.11 


15 ±5 


190 ± 10 


3.83 ±0.30 


132.7 ±3.5 


33 


Felicia 


4-11 mm P 


3.82 ±0.23 


12.40 ±0.74 


2.93 ±0.15 


15 ±5 


195 ± 10 


5.51 ±0.52 


86.9 ±2.2 


44 


Arroyo 


4-11 mm P 


2.56 ±0.12 


4.02 ±0.20 


2.07 ±0.10 


15 ±5 


194 ± 10 


3.38 ±0.19 




45 


Diamante/ 
Camino al 
Balneario 
Valle Maria 


4-11 mm P 








15 ±5 


192 ± 10 




saturation 
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m 


Diamante/ 
Camino al 
Balneario 
Valle Maria 


4-11 mm P 


3.18 ±0.16 


6.16 ±0.30 


1.15 ± 
0.102 


15 ±5 


192 ± 10 


3.04 ±0.18 


104.3 ±2.4 


48 


Larocca 


4-11 mm P 


1.28 ±0.06 


9.80 ±0.49 


1.91 ±0.05 


20 ±5 


135 


2.70 ±0.20 


33.4 ±2.9 


50 


Arrecifes 


4-11 mm P 


1.72 ±0.09 


7.79 ± 0.40 


1.79 ±0.06 


15 ±5 


190 ± 10 


3.23 ±0.17 


669.4 ±8.5 


51 


Arrecifes 


4-11 mm P 


1.24 ±0.06 


4.20 ±0.21 


12706 ± 
n.HR 


15 ±5 


174 ± 9 


2.57 ±0.13 


408.0 ±23.1 


55 


La Plata 


4-11 mm P 


1.22 ±0.06 


5.22 ±0.25 


1.73 ±0.05 


15 ±5 


163 ± 8 


2.69 ±0.13 


1036 ±16 


66 


Canal 
Jauretche 


4-11 mm P 


1.75 ±0.09 


7.51 ±0.38 


1.84 ±0.09 


20 ±5 


145 


2.90 ±0.20 


23.0 ±1.6 


76 


Grl.Acha E 


4-11 mm P 


1.26 ±0.06 


6.74 ±0.34 


1.73 ±0.09 


20 ±5 


100 


2.30 ±0.20 


1400 ±375 


77 


Grl.Acha E 


4-11 mm P 


1.33 ±0.06 


7.67 ±0.38 


1.40 ±0.07 


20 ±5 


125 


2.40 ±0.20 


800 ±130 


81 


Mar del Plata 
Santa Clara 
d.M. 


4-11 mm P 


1.30 ±0.06 


6.51 ±0.33 


1.61 ±0.04 


15 ±5 


168 ±8 


2.76 ±0.14 


148.4 ±12.3 


83 


Mar del Plata 
Santa Clara 
d.M. 


4-11 mm P 


1.11 ±0.06 


4.45 ±0.22 


1.68 ±0.04 


15 ±5 


196 ± 10 


2.55 ±0.12 


265.5 ±8.0 


84 


Mar del Plata 
Camet 


4-11 mm P 


0.99 ±0.05 


4.56 ±0.23 


1.60 ±0.04 


15 ±5 


204 ± 10 


2.46 ±0.12 


296.7 ±7.5 


87 


Mar del Plata 


4-11 mm P 








15 ±5 


194 ± 10 




saturation 



Abbreviations: mineral P, F and Q: P = polymineral; F = feldspar; KF = potassium feldspar; Q = quartz; K - potassium concentration; U - uranium con- 
centration: Th - thorium concentration; water - proposed water concentration of the samples; d cosm - cosmic dose rate; d tot - total dose rate (estimated 
values are given in italics); D equ - equivalent dose 



hills, parabolic dunes and windward hollows of associated 
dunes. In the southern and central part of the investigat- 
ed area, aeolian sediments dominate originating from the 
south-western Andes and the Andes foreland (Fig.l). In the 
north alluvial loessoid sediments dominate in the extensive 
fans of the main rivers Rio Pilcomayo, Rio Bermejo, Rio 
Salado and are often intersected by channel sands. 

5.1 Southern region [Pampa] 

In the south western part of the study area an extensive 
duricrust platform covers aeolian, fluvial and lacustrine de- 
posits of Late Miocene age (Formacion Cerro Azul). This 
duricrust is incised in east-westerly directions by elongat- 
ed closed valleys of different extension and depth. Some 
of them are more than 100 km long, 10 km wide and 80 m 
deep. The bottom of the troughs is dipping to the east fol- 
lowing the general morphological inclination of the sur- 
face. Several troughs contain Late Pleistocene (Tapia, 1935) 
and Holocene deposits. 

According to our understanding they might have been 
formed by karstification and wind erosion (Lorenz, 2002). 
A Digital Elevation Model using SRTM data and visualizing 
the morphology of the valleys and their neighbouring areas 
is the basis for the reconstruction of these processes (Fig. 2). 
These loessoid sediments originally extended further to the 
west and covered a wide area of the actual drainage sys- 
tem of the Rio Salado Desaguadero. Accordingly, the karsti- 
fication and erosion processes possibly already began in the 
early Pleistocene and has continued to the presence. The 
duricrust was partly decomposed under temporary humid 
conditions. Strings of small elongated depressions forming 
temporary lakes after rainfall were developed. Sediment was 
washed from the edges into the karst depressions. The lakes 



dried out during successive dry climatic conditions and ac- 
cumulated material of the depressions. The exposed loose 
fine-grained loessoid sediments of the borders were blown 
out. The material was deposited further to the east as part 
of the loess cover. These repeated processes facilitated the 
longitudinal growth and the interconnection of the small 
blow-out depressions which consequently formed the "Valles 
Grandes". The direction of these troughs matches the direc- 
tion of the deflation pattern at the eastern slope and the pied- 
mont of the Andean chains. 

In the west where sediments were already eroded, the 
Rio Salado Desaguadero system developed in the late Pleis- 
tocene. This river lost its sandy sediment load in a result- 
ing wide flat depression of the western Pampa between the 
Andean foothills and the duricrust platform. The sand was 
deflated from the bed of Rio Salado Desaguadero system 
and formed a radial fan of mainly parabolic, linear and star 
dunes on top of the loessoids, duricrust and loess (Fig. 3). 

This Pampean Sand Sea (Iriondo, 1990b) covers an area 
of more than 200 000 km 2 . Estimates yielded a very variable 
thickness of the sand layers up to a maximum of 20 m. The 
transport was directed to the east turning over northeast 
to north or even northwest (Fig. 3). The Late Pleistocene- 
Holocene sediment ages increase with rising distance from 
the source areas. That means that the strength of the wester- 
ly winds was larger in the Pleistocene than in the Holocene. 

Satellite images show lineations in the loess north of the 
Pampean Sand Sea which are elongated flat depressions 
called „bajos". The depressions are visible due to higher soil 
humidity and related denser vegetation cover or open water 
bodies after rainfall. They are important for rain water in- 
filtration and recharge of fresh groundwater in the shallow 
aquifer which otherwise contains highly saline groundwater 
(Kruck, 1976). The depression pattern, morphology and ar- 
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Fig. 3: South western dune field (Pampean Sand Sea; sampling sites Nos. 66 
and 67 for orientation), transport direction from southwest; areas with open 
water due to high groundwater level are dark (Landsat 7 ETM+, true color 
composite, printed in black & white). 

Abb. 3: Sudwestliches Dimenfeld (Pampean Sand Sea - Beprobungsorte Nr. 
66 und 67 zur Orientierung): Das Sediment kam von SW; Schwarz reprd- 
sentiert oberflachlich anstehende Grundwasser (Landsat 7 ETM+, Echtfar- 
benbild in schwarz/weifi). 



rangement are similar to that of the dune field in the south 
indicating an aeolian origin. Most likely the Jbajos" are inter- 
dune depressions of a "pre-Pampean Sand Sea" dune field. 
The dunes might have been covered by loess and later the 
morphology was flattened by erosion. The parallel structures 
of the "bajos" can be traced over many hundred kilometres 
in northern direction where they turn to approximately east- 
west (Fig. 1). As we did not find any sandy intercalations 
in the loess outcrops, the old dune system might consist of 
loess-like fine-grained material or is situated in large depth. 
Only Iriondo (1999) describes sand layers in two river val- 
leys and related them to an old megadune system of MIS 4. 
Our results support the previous sedimentological and 
geochemical conception by Teruggi (1957) that the loess 
generally originated from areas in the southwest or south 
of the Pampa. We more precisely localized the source in the 
high Andes (most probably for the finer material), the An- 
des foothills and the plain southwest of the loess area. All 
wind features in the southwest of the source area are rela- 
tively uniform oriented from west to east. Inbar & Risso 
(2000) describe yardang features by field observation of 
similar direction about 1000 years old in the Payun Matru 
volcanic field which we identified on satellite images. 
Sedimentological indications of transport by water over 
longer distances are seldom in the southern part of the 
Chaco-Pampa Plain. Predominantly clayey lenticular inter- 
calations are of fluvio-lacustrine origin due to their grain 
size composition and fossil content. Other sediments with- 



out gradation of the grain size were transported over short 
distances and became loessoids. Satellite images show that 
these sediments are located at slopes of elongated depres- 
sions without outlet or in floodplains of rivers. They pro- 
vided evidence for the following diagenetic processes: Dur- 
ing dry climate periods rainwater from rare storm events 
reworked sediments from the slopes of flat depressions. 
During humid periods this area became inundated and the 
water sapped new river beds in between. The Rio Salado 
south of Buenos Aires is such an example where several 
flat depressions became interconnected. 

5.2 Northern region (Chaco) 

In the northern Chaco-Pampa Plain (northern part of Argen- 
tina and western part of Paraguay) extensive alluvial fans of 
several hundred kilometres with a typical micro-flow pattern 
are visible on satellite images. The surface is slightly sloping 
towards the Rio Paraguay-Parana which represents the base 
level of the rivers. Extended dark areas of the river fans rep- 
resent flood loam (Fig. 4). Until recent times, the flood-loam 
areas hosted dense wood and bush which has been mean- 
while widely cleared in order to expand the pasture area for 
extensive livestock farming. 

Sandy river beds are visible as light broad strings on the 
satellite images as these sandy deposits have high reflection 
property (Fig. 4). Until recent times the sandy river beds 
were covered with grass and remote trees. Later on, they 
were used for agriculture. The pioneer vegetation has been 
only maintained in environmentally protected areas. In the 
northwest a dune field extends over more than 10 000 km 2 in 
the border region to Bolivia. 

The flood loam was deposited by the Chaco rivers (Rios 
Pilcomayo, Bermejo, Salado and other small rivers) originat- 
ing in the Andes mountains. These rivers transported fine 
grained material and remobilized aeolian sediments from 
the upper courses. These processes are still going on. After 
excessive rainfall events in the 1980 's, rivers in the Chaco in- 
undated wide areas from the lower to the middle parts of the 
fans and flood loam was deposited. This material is unsorted 
due to short distance transport by water and re-deposition 
processes (flooding) in the flat area. The fine grained sedi- 
ments sometimes block and displace the river courses. The 
Rio Paraguay-Parana base level system caused widely ex- 
tended inundations due to backwater during periods with 
heavy rainfall as observed during the 1990s. Its tributar- 
ies retained more than 200 km upstream in the Chaco and 
formed temporary lakes and ponds. OSL ages of the corre- 
sponding sediments (Table 2) cluster around the humid Late 
Glacial-early Holocene period coinciding with the humid 
Tauca Phase in the High Andes. 

In the Late Glacial-Early Holocene period torrential 
floods of rivers started to engrave the above mentioned 
channels into the flood loam after short and heavy rain- 
fall events particularly during the long-lasting dry period 
between 6.4 and about 3.5 ka. The succeeding alternating 
humid and arid phases are well correlated with the up and 
down of the climate-controlled human settlement fluctua- 
tions in the High Andes (Grosjean et al. 2007). 

The sand of the northern dune field near the Para- 
guayan-Bolivian border was dated to Mid-Holocene. It 
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Fig. 4: Palaeoriver pattern of the Rio Pilcomayo (sampling sites Nos. 16 and 17 for orientation): Sandy deposits incise flood loam 
recognizable by intense agricultural use (Landsat 5 TM, true colour composite, 321 RGB). 

Abb. 4: Palaoflusssystem des Rio Pilcomayo (Probenpunkte Nr. 16 und 17 zur Orientierung): Sandige Ablagerungen eingebettet in 
Hochflutlehm erkennbar an intensiver landwirtschaftlicher Nutzung (Landsat 5 TM, Echtfarbenbild, 321 RGB). 



originates from the Rio Parapiti which transported sedi- 
ments to the glacis of the eastern Andes (Servant et al. 
1981). The river continuously dislocated to the north and 
the sandy deposits were blown out to the south by pre- 
dominant northerly winds. This process was already recog- 
nized by Werding (1977) and is visible on satellite imagery 
(Barboza et al., 2000). 

5.3 Modern and palaeowind directions 

Aeolian activity is still going on in the Chaco-Pampa Plain. 
Heavy dust and sand storms and dune movements oc- 
curred in periods of pronounced drought in the 18th and 
19th centuries and in the thirties and forties of the 20th 
century. Satellite images from Rio Salado (Desaguadero) 
show recent dust and sand plumes, which provide evidence 
that the source locations of the dune sands did not change 
since long and dune formation was relatively continuous 
(Szelagowski et al., 2004). 

The direction of the parabolic dunes of the Pampean 
Sand Sea in the south west and that of the "Valles Grandes" 
confirms that strong winds did not change their direction 
at least since the Pleistocene. 

The detected transport and wind direction over the 
Chaco-Pampa region match with today's occasionally oc- 
curring sand and dust storms ("Pampero") in the southern 



part. They are named "Zonda" in the central and "Nord- 
sturm" (a Mennonite expression in the Chaco) in the north- 
ern part, respectively. On June 21, 1993 a dust plume start- 
ing from the dry Parapiti River bed extended several hun- 
dreds of kilometres to the south (NOAA-AVHHR satellite 
image, from 21st June 1993). A photo taken from a Space 
Shuttle and published by NASA shows a heavy dust storm 
over the Altiplano at 26.5°S, 66.5°W (1983-09-05; NASA pho- 
to ID:STS008-46-937). The dust is blown to the SE into the 
Chaco region. 

Geochronology and palaeoclimate 

We distinguished "arid", "humid" and "cataclysmic flood" 
samples based on the morphological situation at the sam- 
pling site, the facies of the deposits, the kind of fossils, the 
grain size analysis and the evaluation of satellite images. 
"Humid" samples are lacustrine, fluvial and loamy materi- 
als, fossil bearing deposits and groundwater (Pasig, 2005). 
Loessoids from the slopes of closed elongated depressions 
and dune sands represent "arid" periods. Cataclysmic floods 
during dry periods formed sandy channel deposits. Datable 
samples which refer to humid conditions were seldom. The 
reason is that they were deposited in shallow and narrow 
morphological depressions. Hence, fluvio-lacustrine depos- 
its are generally thin lenticular layers and locally restricted. 
"Dry material" consists mainly of loessic sediments which 
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Tab. 3: Climatic fluctuations in the Pampa-Chaco Plain during the last 60 ka. 

Tab. 3: Klimatische Fluktationen im Pampa-Chaco-Gebiet wahrend der 
letzten 60 ka. 



Period 
[ka BP] 


Climatic change and corresponding datable 
material 


60-41 


Arid and humid phases [sub-periods cannot be 

substantiated] 

Loess, fluvio-lacustrine deposits with bones of 

macrofauna 

low density of dates 


41-28 


Predominant humid phase 
Fluvio-lacustrine deposits with bones of 
macrofauna, flood loam, groundwater recharge 


28-16 


Arid with very weak humid speiis 
Dunes, loess and flood loam 
moderate density of dates 


16-8.5 


Humid with an arid interruption 
Fluvio-lacustrine deposits, flood loam, channel sand 
and loess, dune sands 
moderate density of dates 


8.5-3.5 


Arid period with severai humid speiis 
Dune sand, channel sand and few soils 
high density of dates 


3.5-0 


Dominant humid phase with arid speiis 
Soils and dune sand as well as channel sands 
high density of dates 



usually contain short-distance transported material or is bio- 
turbated. As a consequence the zeroing of the luminescence 
signal is not guaranteed. All these interferences complicate 
the non-ambiguous classification of such samples as "arid" 
material. Based on numerical ages (OSL and 14 C) between 
60 ka and ka (MIS 3 to MIS 1) determined within the frame 
of this study (Table 2) the geomorphological and sedimen- 
tological results were recapitulated for the reconstruction 
of the palaeogeographic and palaeoclimatic evolution of the 
Chaco-Pampa Plain. Due to the limited number of low preci- 
sion dates older than 60 ka we omitted their palaeoclimatical 
interpretation though the corresponding grain size analysis 
yielded valuable information for the lithologic classification 
of the corresponding samples in Fig. 1. 

The synopsis of the palaeoclimatic interpretation of pub- 
lished and the new dates (Table 3) are compiled in Table 2. 
The boundaries of the periods may be prone to corrections. 
Luminescence dates determined with the former conven- 
tional methods might be exaggerated due to incomplete 
bleaching. 

6 Conclusions 

Our interdisciplinary study in the Chaco-Pampa Plain was 
mainly based on the interpretation of satellite images and 
many new luminescence dates. It considerably improved the 
knowledge on the geomorphological, geological and climatic 
history since 60 ka. 

The source areas of the loessoid and sandy sediments in the 
Andes piedmont were more precisely located by means of 
the wind erosion pattern. The „Valles Grandes" in the south- 
west were identified as supplementary source area of loess 



and loessoid material using the Digital Elevation Model. We 
deduced the genesis of these valleys from their shape and 
spatial arrangement. Their formation began with the local 
decomposition of the duricrust covering the whole area and 
the exposure of the underlying Upper Miocene loessoid sedi- 
ments. The latter were mobilized by wind erosion and ae- 
olian transport to the east and northeast. The topographic 
erosion pattern allowed to reconstruct the wind directions 
and transport routes of the sediments. Both seem not to have 
changed since the Pleistocene. In the western erosion areas, 
westerly winds dominated; further to the east also wind was 
active to the northeast, north and northwest. The morphol- 
ogy of the loess area is interpreted as covered old dune field 
consisting of fine sands or loess-like fine sediments. Lumi- 
nescence dates were obtained from aeolian sandy and loessic 
sediments representing arid climate. Channel sands were an- 
other dated material deposited by cataclystic floods during 
dominant dry periods. Dunes in the southwest and north- 
west and channel sands are markers for an intensification of 
aridity between 8.5-3.5 ka accompanied by occasional spo- 
radic torrential rainfalls in the mid Holocene. 
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DEUQUA 
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